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ABSTRACT 
A well designed runner and feeding system should produce castings with minimal 
defects and low pour weight. This thesis investigates how the filling regime and 
solidification of the mould influences defects in the castings produced from that 
mould. Design guidelines to reduce such defects are proposed and tested. 
An existing shrinkage fault in a Grey Iron disc brake casting is simulated using a 
commercial finite-difference computer program. Three criteria are used to predict 
the defect and the effect of changes to the feeder geometry. Critical Fraction 
Solidification analysis is used to determine whether the feeder remains in liquid 
contact with the casting during solidification and this approach is shown to correctly 
predict the presence or absence of porosity. The feeder block is extended below the 
ingate of the casting to improve liquid contact between the casting and feeder 
without significantly increasing the feeder mass. Plant trials confirm the change to 
the feeder eliminates the porosity defect. 
The runner system and mould venting for a thin walled Ductile Iron casting are 
investigated. Trials show that by setting the total mould vent area to be greater than 
the net ingate area of the castings, the cold-shut frequency is halved. A method for 
runner system design based on peak linear flow velocity in the runner during mould 
filling is proposed. A new pressurised runner system produces castings with 
significantly fewer defects and reduced pour weight when runner areas are designed 
to maintain peak velocity below 1 mls. Peak velocity and magnesium levels are 
demonstrated to be critical factors in the elimination of cold-shut defects. A 
pressurised runner system is also shown to isolate inclusion defects from castings 
more effectively than an unpressurised system. 
From this work, a technique is proposed which allows the yield of an existing runner 
and feeder system for iron castings to be improved with confidence in the results. 
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Chapter 1 - Introduction 
1.1 Overview 
A well designed runner and feeding system should produce castings with minimal 
defects and a low pour weight. This thesis investigates how the filling and 
-
solidification of the mould influences defects in the production of graphitic iron 
castings. 
The castings considered in the research are automotive iron castings, produced in the 
Ford Geelong Iron Casting plant. Design guidelines to reduce defects are proposed 
and tested in the plant. Modifications to the runner, feeding and venting systems for 
these castings are trialled in production to assess the effect of the changes. From the 
cases considered, a technique is proposed to improve the yield of existing runner and 
feeding systems for iron castings. 
1.2 Plant Operational Description 
The Ford Geelong Casting Plant produces cast iron components for the Ford AU 
Series Falcon, as well as service parts for other Falcon models. 
The components are made from three different materials, all classified as graphitic 
cast irons: 
• Grey Iron 
• Ductile Iron (S.G. Iron) 
• Compacted Graphite Iron (C.G. Iron) 
Figure 1.1 shows images of the major parts made at the plant. 
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Rear Disc Brake Rotor, Grey Iron 
Bearing Cap, Grey Iron 
Crankshaft, Spheroidal Graphite Iron 
Front Exhaust Manifold, 
Compacted Graphite Iron 
Front Disc Brake Rotor, Grey Iron 
Engine Block, Grey Iron 
Camshaft, Spheroidal Graphite Iron 
Rear Exhaust Manifold, 
Compacted Graphite Iron 
Figure 1.1. Major Parts, Ford Geelong Iron Casting Plant. 
Grey Iron has good vibration absorption and excellent wear properties because of its 
flake graphite structure. Ductile Iron has a nodular graphite structure and is, 
therefore, less brittle than Grey Iron and resists fatigue and cracking. Compacted 
Graphite Iron has superior high temperature properties. 
The material chosen for each component is selected to give best performance under 
the service conditions for that component in the vehicle. Engine blocks, bearing 
caps and brake rotors are subject to sliding contact loading on machined surfaces. 
The flake graphite in the structure of Grey Iron acts as a lubricant to improve the 
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wear properties of these components. Exhaust manifolds must operate at high 
temperatures, so Compacted Graphite Iron is used. Ductile Iron is used to 
manufacture camshafts and crankshafts because they are subject to fatigue loading 
under rotation. 
The layout of the foundry and the basic functions performed to produce castings are 
shown in Figure 1.2. The figure shows the plant layout and material flow between 
operations. 
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Figure 1.2. Plant Layout Showing Facilities and Material Flow. 
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1.3 Yield 
The improvement of casting yield in graphitic irons is a broad topic drawing on 
empirical knowledge, experience and direct physical modelling. Anderson and 
Karsay [1] give two definitions of yield. 
P Y· ld Mass of Casting m attern Ie = -10 
Total Mass Poured 
D + R Number of Defect Castings m elect ate = -10 
Number of Castings Poured 
Acceptance Rate = 100% - Defect Rate % 
True Yield = Pattern Yield x Acceptance Rate % 
Thus a casting weighing 15kg, and requiring 20kg of metal to be poured gives a 
pattern yield of 75%. If 33% of castings made with this design are defective, true 
yield is 50%. 
It follows that increasing true yield for any foundry operation should be a priority 
and will realise economical, environmental and productivity benefits for the foundry 
operation. 
1.4 Thesis Objectives 
This thesis focuses on increasing true yield for an existing automotive component 
casting operation. To achieve a large increase in true yield, the pattern yield must be 
increased, while the casting scrap rate is decreased. 
The Heinemann Dictionary [2] defines the term "cast" as: 
"(verb) to pour liquid into a mould and allow it to set. " 
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This defines the two major operations needed to produce cast iron parts, and indeed 
the two major operations considered in this thesis; the mould must firstly be filled 
with molten metal and then the liquid metal must solidify. In Chapter 2, the 
literature shows a direct link between the filling and solidification of a casting in the 
mould and the integrity of the resulting casting. 
It is acknowledged that there are 9ther areas that can affect the outcome of the 
casting process. These include mould forming, mould properties, casting geometry 
and the metallurgical composition of the poured metal. 
It is proposed that by considering the flow regime during mould filling and the 
mechanism of solidification, the outcome of the casting process can be predicted. 
Furthermore, casting defects can be reduced or eliminated when the runner system 
and feeders are designed using rules to control the nature of mould filling and 
solidification. 
Both an empirical and a physical modelling approach can be used for the design of 
running and feeding systems. Both approaches are considered in this thesis. Many 
modelling packages are available to physically model the casting process, but often 
do not provide the detail required for a comprehensive simulation of all aspects of 
mould filling and solidification. For example, a package may accurately model the 
solidification of flowing metal, but not consider the metal/air interface or 
turbulence effects. Empirical rules are often specific to the casting cases they were 
developed for, and, as such, the extension of these rules to other cases must be 
questioned. 
In the current work, it is proposed that a structured approach can be used to improve 
yield in castings drawing upon combinations of these two methods. The work in 
this thesis follows a consistent approach of simulation and testing of theories using a 
series of case studies. Empirical models and published approaches are adapted and 
tested for the iron foundry. The models are validated and refined through the work. 
As the changes are tested and implemented in the plant, statistically significant 
populations are used to test the theories proposed. The first two chapters of this 
thesis introduce the background and general approaches to these problems. 
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Chapter 3 investigates the resolution of a shrinkage porosity fault in a disc brake 
rotor. A solidification simulation package correctly predicted the position and 
relative severity of the fault. Three empirical porosity prediction criteria were 
applied to predict the fault. All three criteria were then used to assess proposed 
changes to the feeder geometry to remove the porosity from the rotor. In shop floor 
trials, a simple change to the geometry of the feeder for the part eliminated the 
shrinkage from the rotor. Of the three criteria assessed, only Critical Fraction 
Solidification analysis, an approach more commonly used for aluminium and other 
alloys, correctly predicted the presence or absence of porosity in the casting. This 
design approach ensures the feeder solidifies after the casting and feeds liquid metal 
to compensate for shrinkage, leaving no isolated hotspots where shrinkage porosity 
can occur. Extending the feeder below the casting in-gate improved the feeding 
efficiency between the casting and the feeder. 
The impact of mould venting on related defects is considered in Chapter 4. It has 
been proposed that a correctly vented mould will reduce gas related defects such as 
blowholes and reduce cold-shuts. These defects were common among the front 
exhaust manifolds cast in Compacted Graphite Iron, so the effect of venting on this 
part was examined. The performance of the existing runner and venting system was 
examined and a new set of venting for the mould was trialled. It is concluded that 
the venting area for a mould should be at least equal to casting inlet area and that it 
is critical that the part is vented at the highest point of the casting. Adherence to 
these rules reduced cold-shuts by over 50% in a large population trial. 
In Chapter 5 several approaches to runner system flow control were used for the 
same casting examined in Chapter 4. A common approach to flow control in runner 
systems is to place the smallest cross sectional area, or choke, in strategic positions 
relative to the casting and downsprue. A pressurised system chokes the flow at the 
ingates as the molten metal enters the casting. The alternative approach is known as 
an unpressurised system, where the critical choke is located near the base of the 
downsprue and the runners and gates downstream of this choke are of a larger cross-
sectional area. This ensures the molten metal enters the casting at a slower velocity. 
Some authors recommend a pressurised runner system for Grey Iron only [3,4], 
some state that this approach is acceptable for all graphitic irons [1], while others 
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believe the technique should not be used for any castings [5]. Karsay [6] presents 
both approaches for the design of casting runner systems. 
In this case study, both pressurised and unpressurised runner systems were designed 
and trialled to compare their performance. The size and location of the choke affects 
peak flow velocity, as does the size of the runner and downsprue. Peak linear 
velocity in the flow was demonstrated to be a critical variable for the production of 
sound castings. By ensuring peak flow velocities were restricted to approximately 
1.0 mls in a pressurised system, total casting defects were reduced by a factor of 10 
and cold-shuts were eliminated. It was also shown that a pressurised system will 
exclude foreign particles from the casting more effectively than an unpressurised 
system. 
The final section of the thesis proposes a systematic technique for the redesign of the 
runner and feeder systems for graphitic iron castings. Empirical rules on velocity 
control, mould venting and choke control have been tested and established. The use 
of simulation software for solidification analysis and feeder design has been 
validated and understood. These rules allow an existing runner system for a casting 
to be modified to improve true casting yield, or a new runner system to be designed 
and tested with confidence. 
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Chapter 2 - Literature Review 
2.1 Introduction 
The first sections of this review deal with the basic terminology and concepts used 
to describe and understand the production of iron castings. These sections help the 
reader understand the context of the work and the scope of runner and feeder system 
design. Benchmarking results are presented to determine the opportunity for 
improvement in true yield relative to other casting manufacturers. 
The filling and solidification of a casting has been studied in two ways: 
1. Physical Modelling. 
2. Empirical Design Rules and Experience. 
The main body of this review examines published approaches to mould filling and 
solidification and the results of these approaches. It critically surveys published 
guidelines to runner and feeding system design. Where results of the approaches 
have been published, the relative success of each approach can be measured. 
2.2 Production of a Casting 
Castings are produced by pouring liquid metal into a mould and allowing the metal 
to solidify in the desired shape. The following section outlines the basic concepts 
involved in the types of castings produced at Ford and other large automotive 
foundries. The plant uses greensand impact moulding to produce the mould. 
Greensand is a mixture of silica sand and water with clay additives to improve 
overall refractory and moulding properties. Permanent patterns are impacted into 
the greensand to produce an upper and lower half of the mould. The upper half is 
defined as the cope, the lower half as the drag. The two halves of the mould are 
clamped together to form a complete mould. Figure 2.1 shows a general schematic 
of a gravity filled mould used to produce a casting. 
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Figure 2.1. Typical Gravity Fed Casting Mould. 
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To produce a gravity filled casting, molten metal is poured into the pouring bush at 
the top of the mould. The metal flows down the down sprue into the sprue-well and 
then along one, or more, runners toward a casting cavity. Gates control the flow 
from the runner into the casting. When a hot feeder is employed, the metal enters 
the feeder before the casting. Alternatively, a cold feeder is located so that it is 
filled with the liquid metal after the casting. Vent pins allow the escape of gases to 
the atmosphere and typically run to the top of the cope half of the mould. 
A core is a part used to define features that cannot be directly moulded in a casting. 
Ford Geelong uses cores to define the hollow areas within the front brake rotor, the 
exhaust manifolds and the engine block. Cores in the plant are made from resin 
bonded sands. A filter is placed in the runner system to remove impurities and 
change the flow regime in the runner system. Filters are typically made from 
ceramic and, like cores, are single use items. For simplicity, filters and cores have 
not been shown in Figure 2.1. 
It is a restriction of sand impact moulding that the mould must be made in two 
halves, and each half impact moulded. This restricts the possible shape of parts that 
can be moulded. All parts must be tapered away from the joint line between cope 
and drag, as illustrated in Figure 2.2. 
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MOULD 
PATTERN 
t 
RAMMING DIRECTION 
Figure 2.2. Pattern Making Restrictions to Allow Withdrawal. 
The pattern must form the correct shape and be allowed to withdraw from the mould 
without disturbing the moulded sand. By orientating the casting correctly relative to 
the cope / drag split line, intricate or concave shapes can be cast. 
After the casting has solidified, the casting and runner system are rammed clear of 
the mould box. Excess sand is shaken clear and the casting is allowed to cool to a 
safe handling temperature. 
Fettling is defined as the removal of excess metal and sand from the castings to 
prepare them for machining or final use. Gating, vents, feeders and the runner 
system are removed from the casting, preferably by clean breakage to avoid 
grinding. Sand castings are shot blasted to remove all sand and fins or other excess 
metal. The shot blasting process also removes core sand from inside hollow 
castings. Additional hand or robotic fettling and inspection may be needed before 
release of the casting for machining or final use. 
2.3 Metallurgical Composition 
The metallurgical composition of all components is controlled within the ranges 
required by plant work instructions [Ford Geelong Work Instruction GPIMP005]. 
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Table 2.1 summarises the target and acceptable range for the major alloying 
elements and pour temperature for each component produced in the Ford Geelong 
Iron Casting Plant. 
Table 2.1. Metallurgical Composition Ranges at the Ford Geelong Casting Plant 
Casting I Carbon Silicon Manganese Chromium Copper Magnesium Pour temp 
Material C% Si% Mn% Cr% Cu% Mg% °C 
All Grey 3.25 1.95 0.70 0.30 0.55 0.000 1380 
Iron Parts (3.20-3.30) (1.80-2.10) (0.60-0.80) (0.20-0.40) (0.45-0.70) No addition (1360-1400) 
Camshaft 3.70 2.45 0.60 0.20 max 0.60 0.030 1410 
SO Iron (3.65-3.75) (2.30-2.60) (0.55-0.65) (0.55-0.65) (0.025-0.040) (1400-1420) 
Crankshaft 3.70 2.45 0.60 0.20 max 0.60 0.030 1385 
SO Iron (3.65-3.75) (2.30-2.60) (0.55-0.65) (0.55-0.65) (0.025-0.040) (1370-1400) 
Manifolds 4.00 2.50 0.45 0.20 max 0.40 0.020 1425 
CO Iron (3.80-4.10) (2.30-2.80) (0.30-0.60) (0.25-0.55) (0.015-0.025) (1410-1440) 
The metallurgy used at the plant is typical of most foundries and the control limits 
are relatively narrow [8]. However, the chromium level employed for all castings is 
considered to be high for a typical cast iron [8]. 
All charge metal for the melt is recycled and consists of stamping and machining 
waste material, scrap castings and runner and feeding systems. Because of this the 
feed metal for the melt contains impurities which form slag. Most moulds are 
poured with a significant volume of slag in the molten metal. Inoculant is added to 
the metal poured into the mould to induce eutectic graphite nucleation. The 
inoculant used is Foseco Inoculin 95, specifically formulated for in-stream 
inoculation. 
An autopour unit is used to hold and deliver molten metal to the mould. As each 
mould is moved into position ready for pouring, the autopour delivers molten metal 
to the intermediate ladle. The intermediate ladle has a load cell, which measures the 
weight of metal delivered into the ladle, allowing control of the pour weight for each 
mould. As the ladle is filled, an automated system delivers a set mass of inoculant 
into the ladle for each mould. The system uses pressurised air to blow the powdered 
inoculant into the metal stream and the ladle. The system is configured so that the 
inoculant is only delivered while the metal is flowing from the autopour into the 
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intermediate ladle to ensure appropriate mixing. The intermediate ladle then pours 
the inoculated metal directly into the pouring bush of the mould, using a joystick 
with a repeat memory for automatically pouring subsequent moulds. This 
arrangement is illustrated in Figure 2.3. 
Figure 2.3. Mould Pouring Setup. 
Autopour 
Inoculunt 
StreuM 
InterMeciiu te Lucile 
2.4 Defects from Mould Filling and Solidification 
Molten metal is poured directly into the pouring bush from the intermediate ladle. 
The pouring bush and downsprue provide a head of metal to the casting, allowing 
the extremities of the casting to be filled. By ensuring that the pouring bush is kept 
full during pouring, slag can be floated to the top of the pouring bush and clean 
metal supplied to the casting down the sprue. It is important that the stream of metal 
is not poured directly down the sprue. The sprue-well and runner control the flow 
regime as the metal travels toward the casting. Surface turbulence may lead to air 
aspiration or the erosion and pickup of sand from the mould walls. Such impurities 
can wash into the casting and solidify to cause a casting defect. Splashing of the 
metal stream may form metallic oxides, which may also cause a casting defect. The 
size and position of the ingate(s) leading into the casting is critical because these 
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gates control the flow into the casting cavity and can also restrict and control flow 
throughout the runner system. The unique shape of each casting cavity will also 
affect the flow regime, as will the position and number of ingates. Many moulds are 
designed to produce more than one casting per mould, therefore preferential or split 
flow becomes a consideration. 
In green sand moulds, graphitic iron exhibits a net shrinkage as it cools [6, 8]. As 
the molten metal is cooled toward the onset of solidification, metal flows down from 
the pouring bush to compensate for the volume contraction in the casting and 
running system. Once solidification has begun, the iron experiences a net volume 
shrinkage to the end of solidification. This volume shrinkage can cause porosity 
cavities either inside the casting or as sink depressions on the upper surface of the 
casting. Shrinkage cavities will weaken the casting in service and if located on a 
machined face disrupt the smoothness of that surface. Shrink is a common cause of 
scrap in many foundries. 
Feeders are attached to the casting to feed molten metal to compensate for this 
solidification shrinkage in the casting. Feeders are normally sized and located to 
solidify after the heaviest section of the casting. After removal from the casting, the 
feeders and runner systems are remelted or scrapped. 
A defective casting may be detected during the fettling process if the fault can be 
observed at this stage. However if the fault is sub-surface or not detected by 
inspection, the defect can only be detected at machining or once the part is in 
serVIce. If the part is scrapped during, or after, machining the costs of these 
operations are lost in addition to the base costs of producing the casting. Casting 
failure during service will affect the entire vehicle or engine and incur a cost far 
beyond the value of the machined casting. Therefore, it is important to have 
confidence in the quality of the castings under all foundry conditions. 
2.5 Benchmarking 
The first step to improve yield for a foundry is to assess the performance of the 
existing operation. In this way, the yield and defect performance can be compared 
- 13 -
with that for other similar foundry operations. If there are significant differences 
then there is obvious scope for process and design improvements. Benchmarking 
data was gathered from three foundries casting graphitic iron automotive parts 
comparable to the operation at Ford Geelong. All of the foundries produce parts in 
high volumes, comparable to the Ford Geelong Iron Foundry. Some other smaller 
jobbing foundries were observed, however the smaller scale foundries were seen not 
to have the same process requirements as the mass production foundry. For example 
the smaller foundries did not use an autopour or permanent patterns to form the 
mould, so yield comparison with these foundries was not valid. 
Table 2.2 presents data to compare the pattern yield for each casting operation. The 
data obtained was for horizontally parted, greensand mould components and on this 
basis is a realistic benchmark. Table 2.3 shows a comparison of scrap rates between 
the foundries. Note that true yield is a combination of scrap rate and pattern yield. 
Table 2.2. Comparative Pattern Yield Data for Automotive Casting Operations. 
Component Ford Foundry A. FoundryB Foundry C 
Geelong. 
Unicast Front Rotor 70% 77% 51% N/A 
Bearing Cap 64% N/A N/A 72% 
Cylinder Block 65% av.72% av.69% av.66% 
(llmould) (2/mould) (2/mould) 
Rear Rotor 48% 61% 49% N/A 
Camshaft I Driveshaft 51% N/A 28% N/A 
Rear Exh. Manifold 38% 47% 24% N/A 
Front Exh. Manifold 28% 47% 27% N/A 
Crankshaft 63% 63% N/A 55% 
Flywheels N/A av.70% av.70% 72% 
Average Pattern Yield 53% 63% 41% 66% 
- 14-
Table 2.3 Scrap Rate Comparison. 
Component Ford Australia Foundry A Foundry C 
(1998 Data) 
Front Rotor 12.5% 3.1% N/A 
Bearing Cap 21.5% 2.0% 4.4%av (+12% rework) 
Cylinder Block 9.9% 3.0% 7.3%av (+16%rework) 
Rear Rotor 10.1% 3.6% N/A 
Camshaft I Driveshaft 15.6% 7.5% N/A 
Exh. Manifold Rear 6.9% (+ 13% rework) 8.0% (4 cyl.) N/A 
Exh. Manifold Front 9.0% (+13% rework) 8.0% (4 cyl.) N/A 
Crankshaft 9.6% 5.4% 6.8%av (10% rework) 
Flywheel N/A N/A N/A 
Average Scrap 11.9% 5.0% 6.2% 
(excludes rework) 
Foundry A uses a significantly smaller pouring bush than Ford, which would 
contribute to superior yield and lower scrap figures. As a general comment, the 
culture at Foundry A appears more accustomed to changes in pattern and casting 
design, due to exposure to external jobs. This culture of flexibility and challenging 
past practice would lend itself to continuous improvement of casting yield and 
quality. Having not seen the operations of Foundry B the author cannot speculate on 
their low pattern yield figure. From this benchmarking it can be seen that there is 
scope for pattern yield improvement and that there is potential to reduce the casting 
defect rate at Ford. 
2.6 Mould Filling 
2.6.1 Empirical Data 
2.6.1.1 Flow Characteristics 
In any closed fluid flow system there will be a choke, a point where the fluid must 
flow through the smallest cross sectional area. Conventional runner design dictates 
two possible layouts for this choke [4, 5, 6, 7]. The two layouts are shown 
schematically in Figure 2.4. 
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Unpressurised (Sprue / Runner Controlled). A choke is placed after the base of the 
downsprue in the main runner to allow the metal to backflow toward the sprue when 
filling the mould. The cross sectional area of the runner after the choke is greater 
than the choke area and the total area of the ingates is also larger than the choke. 
The unpressurised system is also known as a sprue / runner controlled system. 
Pressurised (Gate / Runner Controlled). The ingates to the casting are designed to 
have the smallest cross sectional area of the flow path. The runners and sprue are 
designed with larger cross sectional areas. The pressurised system is also known as 
a gate / runner controlled system. 
UNPRESSURISED 
II down 
tt sprue 
PRESSURISED 
Figure 2.4. Choke Control Layouts - Unpressurised and Pressurised. 
Strobl [3] classified alloys according to their sensitivity to oxide formation: 
Low sensitivity: 
Medium sensitivity: 
High sensitivity: 
Grey Iron, Malleable Iron and Red Brass 
Ductile Iron and Steel 
Aluminium and Magnesium 
It is suggested that medium and high sensitive alloys do not use pressurised runner 
systems, because the high velocities and turbulence at the ingates as the molten 
metal enters the mould may cause oxides. Pressurised systems are only 
recommended for low oxide sensitive alloys, such as Grey Iron. An advantage of 
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pressurised runner systems is the smaller contact area of the ingates, which allows 
easier fettling of the casting. 
Campbell [5] rejected the use of pressurised runner systems for all casting materials. 
The pressurised jet of metal entering the cavity is at risk of oxidation and can also 
erode the mould material or core where the jet impinges. While it was 
acknowledged that sound castings can be made in this manner, Campbell [5] 
recommended unpressurised runner systems for all castings materials. Sillen [7] 
also stated that an unpressurised systems should always be used for Ductile Iron 
castings. 
Despite the above recommendations, Anderson and Karsay [1] presented two case 
studies of runner redesign where a pressurised runner system was successfully used 
for Ductile Iron. The change of the design to a pressurised runner system improved 
the true yield from 20% to 53% in one study and reduced scrap from 55% to 5% for 
another. Neither design change saw a significant change to pattern yield. The 
castings were mass produced valve components. Like Anderson and Karsay, 
Murray [9] recommended the use of a pressurised system to produce Ductile Cast 
Iron parts free of dross defects. Murray stated "The use of choke incorporated in 
channels of the gating system is the most satisfactory method of preventing dross 
from entering the mould cavity." In another publication, Karsay [6] presented 
design methods for both systems, but did not recommend one over another. 
In another case study, four independent foundries designed runner systems to 
produce the same Ductile Iron hub casting [10]. Two of the foundries used 
unpressurised runner systems to produce the parts and two used pressurised systems. 
Again, opinion is divided as to whether pressurised and unpressurised runner 
systems should be used in Ductile Iron castings. 
Another flow characteristic influencing runner design is the law of conservation of 
momentum. In a casting with multiple ingates, most of the metal flows through the 
gate furthest from the sprue [11]. For the gates near the sprue, the metal has high 
velocity and low pressure and flows further down the runner. Near the farthest gate 
from the sprue, the metal meets the end of the runner and has low velocity and high 
pressure. Because of this, the gate furthest from the sprue fills rapidly. It has been 
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generally recommended [5, 6, 11] that the runner cross sectional area is reduced to 
balance flow evenly through all gates for uniform filling. Campbell [5] recorded a 
worst case scenario where the Venturi effect at the closest gate to the sprue can suck 
metal out of the casting and suggested that if tapering or runner section reduction is 
not used, a single gate may give better results than incorrectly designed multiple 
gates. 
Strobl [4] recommended that the first metal travelling down the sprue should not be 
allowed to enter the mould cavity. The metal front will experience oxidation and 
splashing as it displaces air from the runner and the front will pick up any loose sand 
in the runner system. Many authors [4, 5, 6] recommended extending the runner 
beyond the final gate to trap this first front of metal. Campbell [5] stated this impure 
metal is best trapped if it is solidified in this dead end and recommended using a 
tapered wedge as a trap instead of the conventional liquid well. 
2.6. 1.2 Velocity Control 
Sillen [7] presented a number of linear flow velocity based guidelines specific to 
flow in iron castings. Laminar flow is maintained in iron for Reynolds numbers, Re, 
less than 2,300 where: 
p = density (kg/m3) 
Re= pxVxd 
J.l 
V = linear flow velocity (mls) 
d = sectional diameter (m) 
f.1 = dynamic viscosity (kg/[m.s]) 
In greensand moulds, the Reynolds number should be maintained below 20,000 to 
avoid turbulence at the metal to mould interface [7]. 
Campbell [5] reported that velocities approaching 1000 mmls can cause sand erosion 
and that to avoid dross or oxide formation in Ductile Iron, the velocity should be 
- 18 -
maintained below 500 mrnJs. Sillen [7] recommended runner flow velocities in the 
range of 500 - 800 mrnJs to minimise flow related defects. 
In the same work, Campbell [5] rejected the use of Reynolds number as an indicator 
of unacceptable flow conditions on the basis that the main risk of turbulent flow is 
aspiration of air into the metal stream to form oxides. Hence the use of surface 
turbulence (Weber Number), not bulk turbulence (Reynolds number), was 
recommended. 
Where: v = linear flow velocity (m/s) 
p = density (kglm3) 
r = radius of curvature of the fluid surface (m) 
y = surface tension (N/m) 
Campbell [5] proposed a general rule that the Weber number for a flowing metal 
should not exceed 0.2 - 0.8 to avoid air aspiration during mould filling. The only 
case reported by Campbell was for a Weber number of 80 during filling of a cast 
iron mould which gave severe surface turbulence and air entrapment. The reported 
Weber number was 100 times that recommended, so the rule proposed cannot be 
said to have been properly verified. 
In another publication, Campbell [12] suggested the maximum flow velocity be 
limited to 500 mrnJs for any alloy or metal, with 1000 mrnJs allowable in sections 
only a few mm thick. This is to avoid splashing at the liquid front meniscus. 
Campbell [5] also states that maintaining Re < 7,000 - 12,000 in ferrous castings 
allows suspended particles to drop out of the flow. In this manner suspended sand 
or slag particles can be isolated from the casting to avoid defects. 
In the approach presented by both Sillen and Campbell, the determination of critical 
velocities appears to be based on experience rather than any theoretical or 
experimental derivation from Reynolds or Weber Numbers. Neither author 
presented data on the variables required to calculate the Reynolds or Weber 
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numbers. For example the surface tension, radius of curvature or viscosity of liquid 
iron are not given by these authors and cannot be found in other literature. For 
accurate modelling of a casting, such properties would need to be presented with 
variations due to temperature, inclusion levels and state of solidification. 
Caine [13] reported on the experience of foundries producing Grey Iron and Ductile 
Iron castings. Caine compared the peak velocity through the ingate to the presence 
of non-metallics in the castings. For both Grey and Ductile Irons, Caine 
recommended velocities between 1.2-1.6 m1s. 
Caine reported cases where casting inclusions have increased when filling velocity 
drops below 1.2 m1s. Because a pressurised system was considered, Caine's work 
differs from that of Campbell and Sillen. Pressurised systems use a choked ingate 
attached to the runner. By keeping the runner full during mould filling, slag and 
other impurities are floated to the top of the runner (Figure 2.5) and isolated from 
the casting. If the velocity drops, the in gate is not filled and slag is not isolated from 
the casting. If the velocity is too high, the impurities will not be floated and may 
enter the casting. This approach is valid for bottom gated castings. If the casting is 
not bottom gated, the ingate cannot be kept full until the level of molten metal in the 
casting is above the gate (Figure 2.6.) 
High Velocity Low Velocity 
Figure 2.5. Effect of Low Velocity Filling in a Pressurised Runner System. 
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.. Casting 
Molten Metal 
Figure 2.6. Filling of Middle Gated Casting, Runner Cannot Backfill. 
Caine [13] recommended achieving flow velocities within an upper and lower limit, 
while Sillen and Campbell [5, 7, 12] only recommended that velocities do not 
exceed an upper limit and infer that minimising velocity is ideal. 
The average volume flow rate through a section during mould filling can be 
calculated by knowing the pour weight, pour time and alloy density. Assuming all 
castings and gates fill evenly, the peak fluid velocity can be calculated at the point of 
smallest net cross sectional area, Ac (m2): 
where: 
w V=----
txAxp 
W = pour weight (kg) 
p = alloy density (kglm3) 
t = pour time (s) 
m / s .... equation 2.1 
V = peak velocity linear (mls) 
In this work, the average velocity calculated in this manner will be considered as the 
peak fill velocity, consistent with Caine [13]. Campbell [5] differed from this 
approach, by multiplying the average velocity by a factor of 1.5 to give a peak 
velocity 50% higher, because the initial pouring rate will be higher than the average 
pouring rate. Campbell justified this assumption by stating that the filling rate will 
drop as the head height of the casting approaches that of the sprue. While this 
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assumption is logical, in the castings considered in the thesis the sprue head height is 
at least triple the casting head height and hence the effect is ignored. Sillen [7] does 
not state whether peak and average fill velocity are different. 
In summary, two main areas of conflict are seen in the literature on mould filling. A 
runner system can be pressurised or unpressurised and peak fill velocity can be 
varied. These are important issues in Chapter 5, where identical castings are 
produced with pressurised and unpressurised runner systems and high and low peak 
fill velocities. 
2.6.1.3 Venting 
A vent is defined as a channel that connects the mould cavity to the outside 
atmosphere. Xu and Mampaey [14] presented a finite difference model of the 
progress of a flow front down a horizontal channel. The predictions of the model 
were compared with experimental trials. In the experiments, trials of the filling 
length were recorded, showing the distance the molten metal had flowed along the 
channel before solidifying. The tests were carried out on aluminium in cast in 
greensand moulds. It was concluded that the filling length is proportional to the 
pouring temperature. In one trial, a vent was placed on one of the flow channels, 
with no vent placed on the other channel to compare filling lengths with and without 
venting. No significant difference was observed between the fill length during the 
trials, leading to the proposal that the filling length is independent of the mould 
venting. However, it must be realised that the fill lengths measured in this trial were 
280 mm, while the channel length was 700 mm. As such, 66% of the mould was not 
filled. The compressibility of in the air in the mould cavity and the permeability of 
the mould walls would make the function of the vent redundant in this experimental 
setup. Valid conclusions could only be reached if the channel was filled to a length 
of approximately 700 mm. 
Berner, Mevelis and Scheil [15] stated that a correctly vented mould will reduce gas 
related defects, improve surface finish, allow shorter pouring times and result in 
fewer misruns or cold-shuts. To emphasise the need for venting to relieve gases, the 
authors stated that air will expand 62 times when heated to 1550°C and that 1 cm3 of 
greensand at 3% moisture evolves 45 cm3 of steam. Without adequate venting, 
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mould gases can become entrapped and cause blowholes or scabbing. Gas pressures 
can become high enough locally to stop molten metal from completely filling the 
mould cavity causing misruns and cold-shuts. It was recommended that mould 
venting be clear through the cope [6, 15] and that total vent area should be at least 
equal to the choke area [15]. The appearance of the flames emitted from the vents 
are indicators of venting capacity. If they are "pressure jets" it was recommended 
that more venting should be added until they are "lazy gas flames"[l5]. When 
discussing general rules of runner system design, some sources stated that 
insufficient mould venting could cause cold-shut defects [6, 15, 16] or blowhole 
defects [10, 16] in castings. 
Mould venting must be differentiated from core print venting. Gases can evolve 
from cores during filling and solidification and cause bubble defects in castings 
above the top of the core. Karsay [6] and Campbell [5, 12] recommended core 
venting where the core is designed to channel core gases to a mould vent. 
2.6.1.4 Fluidity. 
Fluidity is defined as the "ability of molten metal to flow readily, usually measured 
by the length of a standard spiral casting" [11]. Fluidity is correlated with the ease 
with which the metal could be poured into a section of a casting or runner. Cold-
shuts are a result of inadequate fluidity, because the metal is not able to fill the 
extremities or isolated sections of the mould before solidifying. 
Davis [8] showed the results of a fluidity trial where the same base metal was poured 
in a standard spiral mould. Three different treatments were used to produce Grey 
Iron, Compacted Graphite Iron and Ductile (Spheroidal Graphite) Iron from the 
same base melt. All the tests used the same pouring temperature. Grey Iron showed 
approximately 50% greater fluidity than Spheroidal Graphite Iron, with Compacted 
Graphite showing intermediate properties. It follows that castings poured in Grey 
Iron should give a lower frequency of cold-shuts than castings poured in Ductile or 
Compacted Graphite Iron. Similarly, castings poured in Compacted Graphite Iron 
should record a lower frequency of cold-shuts than Ductile Iron. 
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2.6.1.5 Filter Performance 
Use of filters in a runner system adds to the cost of producing a casting, so it is 
important that the filter has a demonstrable benefit. 
Karsay [6] does not directly criticise the use of filters, but questions their need in a 
correctly designed running system. A runner system is designed to control fluid 
velocity in the runners and to isolate slag from the castings during mould filling. If 
the filter acts as a choke at any point during filling, the effectiveness of the runner 
system to improve casting quality may be reduced or negated. 
Jolly et al. [17] investigated filter performance for production of Grey Iron 
camshafts using real time x-ray imaging of the metal flow in the mould. The main 
test criteria was peak velocity in the mould flow with and without a filter in place. 
In a trial with the filter positioned at the base of the downsprue, the peak linear 
velocity in the region of the filter was 0.7 mfs with no filter and 1.3 mfs with a foam 
filter. The use of the filter saw peak velocity in the runner exceed that 
recommended by Campbell [S, 12] and Sillen [7], risking turbulent air aspiration and 
dross formation. When the filter was placed in the runner system on the split line of 
the mould (as per Karsay's recommendation) the peak velocity was reduced to 0.S7 
mfs with the filter in place. The entire runner system, including the sprue well and 
ingates, were revised in this design to work in conjunction with the filter. The work 
did not assess the performance of the filter, rather the effect of the filter on peak 
linear velocity in the runner system. 
Matthews et al. [18] studied pouring rates and filter capacities for Ductile Iron. The 
filter capacity was defined as the amount of metal a filter can pass before blockage 
occurs. Filter capacity was increased by up to 33% by increasing the metal pour 
temperature from 13S0°C to 14S0°C. Introducing large slag inclusions in the melt 
resulted in a 60% reduction in filter capacity. In a water trial with varying filter 
types and areas for a fixed flow geometry it was found that: 
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• A filter area equal to the choke area decreased the flow rate by 25-33% 
compared with no filter. 
• When the filter area to choke area ratio increased to 4.4:1 (a typical design 
setting) the filters decreased the flow rate by 10-20%. 
• A ratio of filter area to choke area of 7:1 (very high) still saw filtered flow rates 
10-15% lower than unfiltered. 
This result suggests that even with larger than normal filter areas, the filter will act 
as a choke and affect the rate of mould filling. 
Day and Kind [19] performed trials on a filter test mould for Grey Cast Iron and 
Ductile Iron. The test setup had a filter to choke area ratio of 3: 1. For Ductile Iron, 
the flow rate with a filter in place was 50% less than without a filter. The authors 
conclude a 6: 1 ratio is required to ensure the filter does not act as a choke in Ductile 
Iron. Grey Iron testing showed a 75% lower flow rate with a filter than without, 
indicating a 4: 1 filter to choke area is required. Further studies on filtration were 
recommended as the removal of dross and slag by a filter could make standard 
gating designs for dross and slag removal unnecessary [19]. However, Campbell [5] 
recommended filters are best employed in conjunction with other methods of runner 
design for flow control rather than replacing these methods. 
If filters are to be employed, the designer must chose between foam and extruded 
type filters, as illustrated in Figure 2.7. Khan et al. [20] ran trials comparing 
different filter materials, designs and densities in Ductile Iron castings. All filters 
were found to remove dross efficiently from metal with high dross concentrations, 
but foam filters were not as effective as extruded type filters in removing dross from 
metal with moderate to low dross levels. 
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EXTRUDED TYPE FILTERS FOAM TYPE FILTERS 
Figure 2.7. Extruded and Foam Type Filters. 
2.6.2 Physical Modelling 
Section 2.6.1 described how. empirical rules have been applied to the design of 
runner systems to produce castings with minimum defects. An alternative approach 
is to directly model the filling of the mould to predict the effect of the filling regime 
on the casting outcome. 
Computation Fluid Dynamics (CFD) can be used to model fluid flow and a number 
of different approaches can be used. In CFD, a mathematical model is solved in the 
form of a set of differential or integral equations. The equations are solved by 
describing the flow field as a set of discrete points on a grid or mesh. Finite 
difference, finite element or finite volume methods can be applied to give solutions 
for flow parameters across the grid or mesh. 
A common limitation of CFD is the inability to describe turbulent flow. Current 
computer technology is several orders of magnitude below the level required to 
precisely model even the simplest of turbulent flows [21]. Instead bulk statistical 
approaches are needed such as the k-e turbulence model [21]. Similarly, single-
phase flow can be accurately modelled, but when more phases are present, the model 
capabilities are exceeded. Examples of this are the difficulties of modelling the air 
to metal interface in a mould and of modelling solidifying metal in the flow or slag 
inclusions. Models are typically tailored to simulate certain aspects of fluid flow. 
This section of the review aims to show the approaches used to model flow in 
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castings and, where results have been published or tested, to evaluate the accuracy of 
the modelling. Table 2.4 summarises the approaches and results of various authors 
to simulate flow in mould runner systems 
Table 2.4. Fluid Flow in Mould Runner System Approaches and Results 
Source Approach Assumptions I Limits Comparison to Reality 
Zhang, Wang Navier Stokes & Volume of Inviscid and Irrotational No comparison made. 
& Liu [22] Fluid (VOF), finite element Flow assumed. No 
(F-E). solidification 
McDavid & Navier Stokes and VOP. Tracks fluid front only. Good comparison to 
Danzig [23,24] No solidification. water flow. 
Hao, Anzai Navier Stokes and VOP. Tracks fluid front only. Good comparison to 
and Niyama Simulates freezing as well. water and aluminium 
[25] flow. 
Yang, Cai and Transient Free surface to Assumes constant temp Good correlation with 
Su [26] track flow front. and incompressible aluminium. 
fluid. No solidification. 
Adet, Hetu and Navier Stokes & Front Laminar Flow only. No comparison made. 
Ilunca [27] Tracking. F-E. Models 2 
phase flow (liquid + solid). 
Han and Gas marker to track element Only shows gas No comparison made. 
Hwang [28] in flow. Finite Difference entrapment. No 
(F-D). solidification. 
A volume of fluid (VOF) approach was most commonly used to model the flow of 
molten metals in castings [22, 23, 24, 25, 27]. As Campbell [5] discussed, the 
behavior at the surface of the flow rather than the bulk fluid flow is critical to the 
quality of the casting. Hence a volume of fluid approach provides the relevant 
information, without considering irrelevant parts of the flow. None of the authors 
using the VOF approach are able to model 2 phase flow, only the flow of the fluid 
front. This means effects such as air entrapment and aspiration, or the flow of slag, 
sand or other solids are not considered. Similarly, splashing or freefall of the fluid at 
any point also cannot be modelled. 
The only authors to consider solidification during filling were Adet, Hetu and Illuca 
[27]. Their approach allowed the occurrence of solidification related defects such as 
misruns and cold-shuts to be modelled. None of the other models observed 
considered such an effect. However, the model employed by Adet, Hetu and Illuca 
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considered only laminar flow, a severe restriction when comparing the model to real 
flow in castings, which was acknowledged by the authors. 
The performance of a model is typically verified by comparing the progress of the 
flow front with time against experimental trials [23, 24, 26]. This approach 
examines only the bulk progress of the fluid, but does not confirm if turbulence or 
peak velocities were correctly modelled. A criticism here is that the model runs to a 
set mould fill time, based on the experimental results. Consider a model where the 
mould fill time is set at 10 s, as this is known from the experimental trial to which 
the model is being compared. At time = 4 s, the model would be 40% full and place 
metal in accordance with the casting geometry and gravity conditions. It is not 
surprising that results correlate well with reality. A better test would be to run the 
model for given inlet pressure or head conditions and compare the predicted fill 
times of the model against reality. 
The main problem in fully describing flow in a runner system is that it is a highly 
complex flow system. The phases of liquid, air and solid must all be described as 
well as foreign particles such as sand and slag. None of the authors surveyed have 
attempted to model all of these conditions. 
The ultimate goal of the simulation of flow in a mould should be to improve true 
casting yield, by either reducing runner mass without affecting casting quality, or 
reducing casting defects. Only McDavid and Danzig [23, 24] apply their proposed 
model to a real casting and use it to improve true casting yield. From the literature 
surveyed, it appears that in the current state of knowledge and development, 
Computational Fluid Dynamics is not a useful tool for improving casting true yield. 
Rather, the application of generalised experience based rules such as those proposed 
by Campbell [5, 12], Sillen [7] and Caine [13] is preferred. 
2.7 Solidification 
Datta [29] listed the following defects which are directly associated with the 
solidification of the casting: 
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• Shrinkage, draws & pipes. 
• Chilling. 
• Scabbing. 
• Distortion. 
• Cracking. 
An understanding of the solidification of cast iron allows the designer to address the 
above issues and prevent their occurrence. While an understanding of the flow of 
molten iron is required to efficiently design the pouring bush, sprue, runners and 
ingates for casting, an understanding of the solidification is needed to design feeders 
(also known as risers) and ingates. A key driver for this work is the volume change 
during solidification of graphitic irons. 
2.7.1 Physical Modelling 
Physical modelling of solidification is usually set on a microscopic scale, by 
considering the physics of solidification at the scale of the dendrite. The solution is 
then integrated over a large volume to give bulk material behavior. An alternative 
approach is to model on the scale of the grain structure by considering the energy 
and mass conservation equations to describe solidification. 
Smith and Hoadley [30] listed factors that can influence the nature of solidification 
of a casting: 
• The properties of the casting material. 
• The properties of the mould material and mould layout. 
• The air gap at the metal to mould interface. 
• Heat transfer between the metal and mould by convection, conduction and 
radiation. 
• Heat transfer to atmosphere by convection and radiation. 
• Convection in the molten metal due to superheat and buoyancy. 
Smith, Hoadley and Scott [31] stated that the enthalpy method is the most popular 
approach for numerical solution of thermal problems with a change of phase, such as 
a solidification problem. The enthalpy of a solidifying alloy is a smooth function of 
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temperature during the phase change, thus it is easier to model enthalpy than specific 
heat capacity or other thermal properties of the alloy [32]. The advantages of the 
enthalpy method are the ease of application because the solidification front does not 
need to be tracked. In addition, a fixed computational mesh is used with an efficient 
solution algorithm. The enthalpy method has deficiencies when applied to non-
eutectic alloys or geometries containing boundary singularities. For the simulation 
of graphitic iron sand castings, the solidification is eutectic and there are no 
boundary singularities. This suggests the enthalpy method is best suited to the type 
of solidification modelling for this work. 
Lewis and Roberts [32] used the enthalpy method to model the phase change in 
casting solidification simulation. The solution excludes convection and thermal 
stresses for clarity, although the importance of these effects is acknowledged. A 
coincident node technique for dealing with the air gap at the metal to mould 
interface was used to model the variance of the effective heat transfer coefficient. 
An aluminium die casting of a brake valve was simulated, with close correlation 
between the simulations and experimental time - temperature histories of 
thermocouples in the casting. The poorest correlation was near the metal to mould 
interface, suggesting inaccuracies in the modelling of heat transfer at the interface. 
When modelling sand castings, Smiley [33] suggested that the heat transfer 
coefficient at the metal to mould interface to be set to unity; such that there is no 
resistance to heat transfer. In sand casting the sand has low thermal conductivity 
relative to the casting material, so that heat conduction directly into the mould wall 
dominates the metal-to-mould heat transfer when determining heat extraction from 
the casting. 
Aagaard et al. [34] presented a comprehensive simulation of the production of a 
Ductile Iron casting. The mould filling simulation was used to predict the 
temperature distribution in the casting as an input to the solidification model. The 
solidification was modelled on a macroscale, using Fourier's differential equation 
for transient heat flow. Micromodelling of nucleation and growth was used to 
calculate the latent heat of fusion. This latent heat distribution was applied as a 
source term in the macromodel to calculate the temperature at each node during 
solidification. The routine iterates until the casting is solidified. The solution 
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algorithm was applied in MAGMAsoft to a Ductile Iron V -link joint. Based on 
local solidification time and supercooling, the simulation predicted a risk of porosity 
at the centre of the V -link caused by liquid isolation from the feeder. Analysis of the 
castings showed an inconsistent porosity fault at this point indicating good 
correlation between the model and reality. The microstructure and residual stress 
were also predicted and showed close correlation with the castings. 
2.7.2 Empirical Data 
2.7.2. 1 Volume and Shrinkage Predictions 
Most materials display a continual decrease in volume and hence increase in density 
as they cool. Two exceptions are the freezing of water and the freezing of graphitic 
irons, both of which undergo a period of expansion. Roedter [35], Hummer [36] and 
Karsay [6] presented volume / temperature plots for graphitic iron, reproduced in 
Figure 2.8. 
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Figure 2.8. Representative Volume - Temperature Plot for Graphitic Iron (adapted 
from Karsay [6] and Roedter [35]). 
Roedter [35] and Hummer [36] correctly stated that for the purpose of feeder sizing, 
it would be most useful to have quantified data on the volume changes against 
temperature during the solidification of graphitic iron. By knowing the change in 
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volume as the casting solidifies, the amount of metal required in the feeder can be 
determined. Time-Temperature curves are widely available but give no useful 
information on volume changes. In 1985, Roedter and Hummer called for the 
availability of accurate Volume-Temperature curves, but this review has found no 
other articles presenting such results. Roedter [35] and Karsay [6] stated the amount 
of volume expansion and contraction increases as the metallurgical quality of the 
melt deteriorates. 
Karsay [6] reported that inoculated iron will experience a greater volume expansion 
and subsequent contraction. To minimise shrinkage defects in Grey Iron, 
inoculation is only recommended when absolutely necessary to achieve satisfactory 
metallurgical properties in the castings. At the Ford Geelong Iron Casting Plant all 
graphitic irons, including Grey Iron, are inoculated to improve the microstructure 
and prevent chilling defects in the casting. 
Several papers model volume change on a microscopic scale but do not extend the 
results to a bulk material scale [37, 38, 39]. Li, Liu and Jin [40] proposed a 
micromodel based on solidification kinetics for spheroidal graphite iron castings. 
The shrinkage cavity formation for T -shaped castings was predicted and compared 
with experimental results. For 18 different casting geometries, measured and 
calculated shrinkage cavity volumes were compared. The greatest error in shrinkage 
cavity volume prediction was 10.5%, while the majority were within ± 2%. It is not 
clear from the results if the simulation accurately predicted the shape or position of 
the shrinkage cavity. The work considered only final shrinkage rather than 
progressive shrinkage and expansion and appears to be of little direct benefit to 
predicting the absence or presence of porosity in a casting. 
2.7.2.2 Porosity Predictions 
Finite Difference and Finite Element simulations provide information on an array of 
variables at points throughout the casting. This information can then be analysed to 
predict defects, residual stresses or casting metallurgical structure. 
Niyama, Uchida and Morikawa [41] applied the Niyama Criteria to steel castings. 
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where G = cooling rate e[{fs) 
R = temperature gradient at end of solidification (oK/m) 
Comparing numerical predictions of N with actual castings, it was demonstrated that 
a critical value of G/-VR < 1 corresponded with shrinkage porosity, independent of 
the casting size. Regions where G/-VR > 1 were consistently free of porosity and the 
shape and position of the predicted porosity corresponded well with measurements. 
The criteria was applied to a turbine casting, where use of a chill and removal of 
padding resulted in G/-VR > 1 and shrinkage was eliminated from the casting. The 
authors state that the parameters used in the calculation of the criteria are local, but 
some shrinkage is dependent on the solidification behavior of other parts of the 
casting. This is a shortcoming of the Niyama criteria. 
The AFS 3D Solidification program uses the Niyama criteria to allow the user to 
assess the risk of porosity across the casting. Training documentation states that the 
critical value of G/-VR for iron as 0.75 [42]. The critical value in the training 
documentation for steel is 1.0, consistent with Niyama Uchida and Morikawa [41]. 
Chiesa, Mammen and Smiley [43] proposed the following criteria for porosity 
evaluation in aluminium, commonly known as the Franco criteria. 
Where P = probability of local porosity. 
K = Melt quality factor 
tsl = local solidification time (time from liquidus to solidus) 
Vs = RIG 
= Cooling rate I temp gradient at end of solidification. 
= Solidus Velocity 
m & n = constants 
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K, m and n are constants determined from pouring test bars and measuring porosity 
as a function of ts1 and Vs. The formula was proposed for aluminium and was 
derived assuming directional solidification. If the criteria is to be applied to 
graphitic iron, it must be established that the nature of solidification is sufficiently 
directional. Alternatively, the extension of the criteria to mushy solidification of 
eutectic graphitic irons needs to be validated. 
2.7.2.3 Feeder Design Rules 
The traditional design method for the majority of alloys is known as directional 
feeding [11, 44, 45]. One or more feeders or risers are attached to the casting and 
sized such that the metal begins to solidify in the casting away from the feeders and 
proceed progressively toward the feeders. In this way the feeders are the last part of 
the mould to solidify and can feed liquid metal into the casting to compensate for 
shrinkage. All liquid solidification shrinkage is contained in the feeders, leaving the 
casting sound. 
Several sources propose this design approach for all alloys, including graphitic irons 
[11, 44, 45]. However the listed publications are of a generalised nature and have 
not considered the unique solidification nature of graphitic irons. Karsay [6] stated 
that a sound keel or Y block can be produced in steel using directional feeding with 
a pattern yield of about 40%. If the feeder was designed for a graphitic iron casting 
using directional feeding the feeder would need to be larger, with pattern yield at 20-
25%. Sound graphitic iron castings can be produced using directional feeding, but 
more efficient design can take advantage of the graphite expansion to compensate 
for shrinkage and reduce feeding demands. 
The concept of casting modulus is widely used to determine the relative 
solidification time of the casting and feeders. Original work by Chrvorinov, 
reproduced by Gerin-Sylvia [11] and Ruddle [44] found that the time a solid took to 
solidify was directly proportional to the ratio of the volume to the surface area. This 
ratio is known as the modulus. 
Modulus = 
Cooling Surface Area (cm2) 
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Tables are available giving moduli for common geometrical shapes [6, 44, 45]. 
Specifying feeders and feeder neck dimensions and positions for a given casting by 
relating the modulus of each component is commonly known as methoding. Charts 
are available recommending relative sizes, shapes and positions of feeders based on 
the casting [11, 44, 45]. Algorithms and computer programs have also been 
developed for methoding [46, 47, 48]. Specific methoding for graphitic irons is 
known as applied feeding or pressure controlled feeding [6, 8, 35]. 
Meridith [49] stated that the feeder neck modulus (the contact between the casting 
and the feeder) for iron castings in greensand is typically set at 60% to 90% of the 
casting modulus. If the feeder is located closer to the casting, the neck will be 
heated from the casting and the feeder. If the neck is made sufficiently short the 
geometric modulus of the neck can be reduced to 60% of the geometric modulus 
required for a longer neck. This translates to a 65% reduction in contact area and 
makes fettling easier. This reduction can be made when the length of the neck is 
less than the smallest cross sectional dimension of the neck. Karsay [6] presented 
the same design rule. 
Ruddle [44] considered the limitations of methoding using geometrical volume 
relations. An obvious limitation is the inability to describe intricate shapes. An 
example of this is the front exhaust manifold produced by Ford, a cored component 
produced from Compacted Graphite Iron, shown in Figure 2.9. It is not possible to 
calculate the modulus for this part, as it cannot be described using simple geometric 
shapes. 
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Figure 2.9. Front Exhaust Manifold. 
The use of chills, cooling channels or differing mould materials can increase or 
decrease the cooling rate of a casting. Hence compensation factors must be applied 
in methoding calculations to include the effect of these items. Similarly, the 
inclusion of exothermic compounds in the mould or using feeders open to the 
atmosphere requires compensation, as all parts of the casting and feeder no longer 
experience uniform boundary cooling. The effect of edges, curved surfaces, comers, 
cores or cavities on effective modulus introduces further inaccuracies into 
methoding results. This limitation has been a driving force in the development of 
three dimensional solidification simulation programs described earlier. 
2.7.2.4 Direct Pour Units 
The principle of a direct pour unit is to replace the pouring bush, down sprue , 
running system and gates with an insulated direct pour unit. The unit is a cup shape, 
with a filter at the base and is made from an exothermic or insulating compound to 
improve the feeding characteristics. The unit is normally located directly above the 
casting and molten metal is poured into the unit to fill and feed the casting. Three 
papers were found on the topic of direct pour units. From the case studies presented 
in these papers the units appear most compatible with the vertically split moulding 
process, usually Disamatic, as the feeding unit can be sandwiched on the vertical 
split line (Figure 2.10). The authors quoted yield improvements of 61 % to 78% 
- 36-
[50], 50% to 83% [51] and 45% to 56% [52] in the case studies. The cost of the 
direct pour units was not given, financial analysis would show if the cost of the unit 
is paid for by the yield savings. 
Two problems with the use of direct pour units are illustrated in Figure 2.10. The 
unit must sit above a single casting cavity. This means a single unit is required for 
each casting in the mould. When multiple castings are made in a single mould, more 
than one direct pour unit is usually needed. The unit cost of a casting will increase 
and the ability to pour the entire mould in one action is lost. The other problem is 
that the metal must fall into the casting from the direct pour unit. Bottom gating 
cannot be accommodated. This means excessive splashing and turbulence is 
experienced as the casting fills. For the horizontally split moulding method used at 
the Ford Geelong foundry, the use of a direct pour unit is not recommended. 
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Figure 2.10. Typical Use of Direct Pour Unit. 
2.8 Casting Simulations 
Direct 
Pour Unit 
Horizontal 
Splitline 
Modem simulation programs allow the creation and simulation of complex casting 
and feeder geometries. Three-dimensional CAD files can be imported to describe 
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intricate shapes and many packages feature model building modules. As an example 
of the capabilities of simulation programs, the AFS 3D Simulation package runs on 
a desktop 486 personal computer. A personal computer with 128 Megabytes of 
RAM allows up to six million nodes to be employed in a finite difference mesh of a 
casting. This translates to a node size of approximately 1 mm for the manifold 
shown in Figure 2.9. 
This ability to describe complicated geometries and solve for heat and fluid flow 
allows accurate evaluation of feeding and gating performance to predict whether a 
sound casting will be produced. The user can model and observe the heat flow 
associated with sharp comers, chills or an exothermic coating, a distinct advantage 
over geometry based methoding. 
2.8.1 Simulation Packages Review 
The AFS Process Design and Modelling Committee (I-F) has published two reviews 
of available casting simulation software. Table 2.5 shows the results of these 
surveys. 
Table 2.5. Casting Simulation Survey, taken from [53, 54] 
Program Platform Equations Solved Flow Solidi- Micro- Stress 
fication structure 
AFS Solidification PC-DOS Thennal and Volumetric, No Yes No No 
System 3D semi empirical- Finite Diff 
MAGMAsoft Silicon Graphics Heat & Energy - Finite Yes Yes Yes Yes 
ISun/WinNT Difference & micromodelling 
ProCAST PC I Unix Based Navier Stokes - Finite Yes Yes Yes Yes 
Workstations Element 
Cam-Cast Simulor Unix Navier Stokes and Heat. Yes Yes Yes Yes 
Workstations 
CAP PC DOS I Finite Element Yes Yes Yes Yes 
Windows 
CASTCAE WinNT/95 & Finite Difference, Control Yes Yes Yes No 
Unix Volume & Navier-Stokes 
CASTVIEW Workstations Finite Element Yes Yes Yes Yes 
SGI, HP, Sun 
EKK metal casting IRIX (SGI) & Finite Element ? Yes ? ? 
simulation software HPUX(HP) 
Flow 3D PC Windows Control Volume, Finite Yes Yes Yes No 
Difference 
Mavis Diana PC Finite Difference No Yes No No 
Novaflow I Novasolid Windows Finite Difference Yes Yes ? ? 
Passage I Powercast Unix Finite Element Yes Yes Yes ? 
Workstations 
Simtec Windows I Unix Finite Element Yes Yes Yes Yes 
A survey of simulation package users in 1996 [55] reported a 40% plus reduction in 
lead and production times, 30% reduction in labour and rework costs and a 25% 
improvement in pattern yield. 
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2.8.2 Simulation Case Studies 
A common application of simulation programs is to analyse the solidification of the 
casting and feeder, to ensure liquid contact between the casting and the feeder is 
maintained throughout solidification. In the worst case, a local isolated hotspot in 
the casting will solidify to leave a large shrinkage pore. Eck Industries [55] applied 
this approach to aluminium die casting, with successful results when the modified 
casting was produced. Prospect Foundry [55] used the AFS 3D simulation program 
in a similar way to improve the solidification pattern on a graphitic iron casting. 
Midea et al. [56] reported on the use of solidification analysis in four case studies, 
all of which saw the simulation programs correctly predict the presence or absence 
of porosity in castings. 
Gurdogan et al. [57] used the Passage / Powercast package to simulate mould filling 
and solidification of a Chrysler Grey Iron engine block. As cast, the blocks showed 
porosity problems at an oil line in the block, which the authors attributed to 
excessive gas generation from the core binder. The design was changed to delay 
localised solidification time by 80 s in the area where porosity occurred. The 
authors believed that by delaying the solidification time of the oil line, gas was 
allowed to escape from the liquid metal reducing porosity. This is at odds with the 
principle of directional solidification, where the casting must solidify before the 
feeder to avoid porosity. When directional solidification feeding is used, porosity is 
expected to be found at the thermal centre of the casting (the last position to solidify) 
[6, 16,34]. Gurdogan et al. [57] proposed that by ensuring the last area to solidify is 
where porosity had been observed, porosity will be reduced. It is doubted that this 
approach would reduce the defect if the fault was a porosity defect. The trial of this 
redesign was not reported in the paper. 
Both General Motors [55] and Nariman [58] reported on the use of packages to 
simulate and improve mould filling in iron sand castings. Both authors used 
simulations to predict areas where turbulence or splashing was severe. 
Modifications to the runner system were tested using the packages and 
improvements in mould filling were predicted. However trialling or implementation 
of the modifications are not reported. 
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Meyer et al [10] reported on the approaches taken by four foundry companies to 
make a run of 1000+ Ductile Iron hubs. The results are summarised in Table 2.6. 
All four companies produced sound test castings and the pattern yield results are 
comparable with the pattern yield figures for rotors presented in Table 2.2. Foseco 
employed a pressurised runner system with direct pour units, while all other 
companies used a traditional moulded basin and downsprue. Foseco achieved 
superior pattern yield using direct pour units and a pressurised runner system. 
Table 2.6. Production method for Ductile Iron Hub casting [10] 
Firm Castings per Sand Choke Design Pattern 
mould & Process Yield 
orientation 
Foseco 4, Vertical Green, direct Pressurised Modulus & 81 % 
pour unit used MAGMAsoft 
Simulation 
Lufkin 1, Horizontal Phenolic Unpressurised Modulus & 67% 
Urethane Powercast 
Simulation 
Brillion Iron 2, Horizontal Greensand U npressurised Modulus 60% 
Grede- 2, Vertical Greensand Pressurised Modulus 54% 
Reedsburg 
2.9 Summary 
The Literature Review has shown the following main points: 
1. Benchmarking data shows there is scope for improvement in true yield in Ford's 
operations. Both pattern yield and defect rate can be improved for most parts. 
2. Sources are divided as to whether pressurised or unpressurised runner systems 
are best suited to the production of iron castings. 
3. Insufficient venting is associated with cold-shuts and blowholes in castings. 
Literature on venting requirements is limited, but the venting area should at least 
exceed the inlet choke area of the runner system. 
4. The peak linear flow velocity in the runner system during mould filling is 
proposed to be directly related to defects in the casting. Some sources 
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recommend velocities in the order of 0.5-1.0 mls [5, 7], while others recommend 
higher velocities of 1.2 - 1.6 mls [13]. 
5. Direct modelling of flow in a runner system can allow the user to understand 
particular elements of flow in the runner, but fails to provide a good 
understanding of all aspects of the flow. At present, flow modelling cannot 
predict the presence, or absence, of flow related defects such as blowholes, slag 
inclusions or cold-shuts. 
6. Modelling of the solidification of a casting can predict the presence, or absence, 
of porosity in the casting. Several criteria are available for porosity prediction. 
However the use of progressive solidification analysis to ensure that feeding 
channels are kept open and hotspots are avoided appears to be the most widely 
used approach, with results shown to correlate well with production. 
7. Empirical rules are available to size feeders for castings to avoid porosity. The 
accuracy of these rules is limited for the more complicated casting geometry 
typically seen in automotive applications. 
In his paper "10 Rules for Good Castings" Campbell [12] proposed that to avoid 
flow related defects in castings, the runner system should be designed to empirical 
rules to avoid splashing, turbulence and bubble entrapment. Campbell does not 
recommend the use of simulation or direct modelling to improve flow 
characteristics. However, to avoid shrinkage damage, Campbell does recommend 
the use of computer solidification modelling. This philosophy is consistent with the 
literature observed here and reflects the approach to the work in this thesis. Mould 
filling is described empirically; mould solidification is directly modelled. 
In the design or improvement of a runner and feeder system, tools are needed to 
assess if the proposed system will produce castings free of defects. In this work, 
empirical tools will be tested to predict the absence, or presence, of flow related 
defects in castings. Simulation modelling will be used to predict the absence, or 
presence, of solidification related defects in castings. 
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Chapter 3 - Shrinkage Modelling and 
Resolution in a Disc Rotor 
3.1 Introduction 
The literature review showed that shrinkage porosity in castings is a significant 
cause of defects. Many publications propose methods for feeding castings to 
prevent shrinkage porosity [6, 7, 32, 34,40,41]. Most casting simulation programs 
have the capacity to simulate the solidification of the casting and assess shrinkage 
porosity [53, 54, 55]. This chapter reports on the use of a finite difference program 
to simulate the solidification of an existing casting. The program was used to 
simulate the solidification of a casting and assess proposed improvements to the 
feeding. The final solution was trialled in production to assess the true effectiveness 
of the change and the validity of the simulation model. 
Three assessment criteria are used to predict if porosity is present in the casting: 
• Critical Fraction Solidification Isolation 
• Niyama criteria 
• Franco criteria 
As the nature of the porosity defect in the castings is understood, the ability of the 
package and each assessment criteria to simulate porosity in a casting is tested. The 
casting considered is a Grey Iron rear disc brake rotor. 
3.2 Background 
3.2.1 Existing Casting Practice. 
The existing running system for the rear rotor is shown in Figure 3.1. The casting is 
produced in a greensand impact mould, horizontally split. The mould has no 
venting. Two Foseco foam type filters are used for each mould and are positioned in 
the tilted horizontal alignment recommended by Campbell [5] and employed in the 
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work presented in Chapter S. The average pour temperature for the mould is 
1370°C, the pour weight lOSkg and the pour time 17 s. 
Pouring Bush 
Down Sprue 
Final Runner 
Conner Block 
Figure 3.1. Runner and Feeder System Layout for Rear Rotor. 
A single Conner block feeds each pair of rotors. The Conner block is a feeder which 
has a thin overlap with the casting for ease of fettling. Because the mould is 
horizontally split, the Conner block is in the cope (or upper) section of the mould, 
while the disc is in the drag (or lower) section of the mould. The overlapping joints 
between the rotors and the Conner block are on the split-line of the mould and the 
disc cavity fills through this gap. After solidification the Conner block is designed 
to break clean from both castings, leaving an elongated lip at the point of contact 
(Figure 3.2). 
- 43-
Break-off 
residual 
Figure 3.2. Conner Block Attached to Rotor (above) and After Break-off (below). 
3.2.2 Existing Defect. 
The only common defect on the rear rotor was subsurface shrinkage porosity. This 
defect was revealed after machining. Figure 3.3 shows a macro photograph of the 
shrinkage defect. Figure 3.4 shows the typical location of the defect in a casting. 
Figure 3.3. Macro Photograph of Shrinkage Defect on Machined Rotor Face. 
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Conner Block 
Surfaces 
Figure 3.4 Location of Porosity on Unmachined Casting (sectioned view). 
The defect was always located adjacent to the centre of the Conner block. The 
machining operation removes 2 mm of material thickness from all faces of the rotor. 
Figure 3.4 shows the surfaces which are machined. The defect could not be 
recognised in unmachined rotors. 
Previous analysis of the defect by foundry personnel at Ford had found the 
following: 
• 10% of castings produced were defective and 90% of defective castings were 
due to the porosity defect. 
• Castings were defective when porosity was visible on the machined face to the 
naked eye. 
• The remaining 10% of defective castings were scrapped due to sand or slag 
inclusions. 
• Each casting was marked and identified according to the position in the mould; 
Figure 3.5 shows the mould layout and identification numbers. The defect rate 
was independent of the position of the casting in the mould. 
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Figure 3.5. Mould layout and Casting Pattern Numbers. 
3.2.3 Porosity Assessment Criteria 
3.2.3.1 Critical Fraction Solidification Isolation 
As a point in a casting solidifies, it changes from a fully liquid material to a fully 
solid material. The liquidus point signifies the onset of solidification and can be 
seen on the cooling curve in Figure 3.6. As the casting continues to lose heat it 
becomes more solid, until at the solidus point the point in the casting is fully 
solidified. Between the liquidus and solidus points there is a point where the alloy 
can no longer flow, this point is known as the Critical Fraction Solid point and is 
also shown on Figure 3.6. 
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Figure 3.6. Representative Cooling Curve Showing Critical Fraction Solid Point. 
A feeder provides liquid metal to compensate for the shrinkage of the solidifying 
metal in the casting. To feed the casting there must be a liquid channel to the 
casting to introduce feed metal and there must be liquid metal in the feeder. Figure 
3.7 illustrates two points in time during the solidification of a casting and feeder. 
Metal above the Critical Fraction Solid can still flow from one area of the casting or 
feeder to another and can compensate for shrinkage as the metal solidifies. On the 
left of Figure 3.7, the liquid path from the feeder is open, so feed metal is provided 
and no shrinkage should form. On the right, the feeding path has cooled below the 
Critical Fraction Solid point, no feed metal can flow and isolated pockets of liquid 
metal have developed in the casting. As this liquid metal cools and contracts, there 
is no feed metal available from the feeder and internal shrinkage porosity is likely to 
form. 
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Figure 3.7. Solidification of Casting showing Critical Fraction Solid Analysis. 
By using a package to simulate the solidification of the casting, the solidification of 
a matrix of discrete points throughout the casting and feeder is established. The 
feeding of the casting can be studied by plotting the time at which each point in the 
casting passes through the Critical Fraction Solid point. Isolated pockets of liquid 
metal are identified as areas likely to form internal shrinkage porosity. 
Directional Solidification is achieved when the casting solidifies directionally back 
toward the feeder, with the feeder solidifying after the casting and no isolated liquid 
sections left in the casting during solidification. 
3.2.3.2 Niyama Criteria 
The Niyama Criterion is based on research work by Niyama [41, 42] and is a widely 
accepted indicator for risk of porosity. The criteria was developed for Steel, can be 
applied to other alloys including cast irons. The Niyama criteria is calculated at all 
nodes in the model from the formula 
Where N = Niyama Criteria 
G = Temperature Gradient, oK / mm. 
r = Cooling Rate, oK / s 
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The Niyama Criterion is inversely correlated with the formation of porosity in 
castings; the lower the value of N the higher the probability of the formation of 
porosity in the casting. Niyama, Uchida and Morikawa [41] found a critical value of 
N = 1 in steel castings. Areas with N < 1 were likely to contain shrinkage porosity 
and areas with N > 1 were likely to be free of porosity. Values close to zero indicate 
the highest risk of porosity. Smiley [42] suggested a critical value of N = 0.75 is 
appropriate for cast irons. A low temperature gradient or a high cooling rate will 
decrease the Niyama criteria; which corresponds to an increase in the predicted risk 
of porosity. 
3.2.3.3 Franco Criteria 
The Franco criteria is based on recent research work by Franco [43] for aluminium. 
In this current work it will be applied to Cast Iron, not to provide an absolute 
prediction of whether porosity will occur, but as a tool to compare changes in feeder 
design. 
Where: 
• FCC = Franco criteria, the higher the value the higher the risk of porosity. 
• Tsl = Local solidification time, s 
= Time for node to pass from liquidus point to solidus point. 
• r = cooling rate, OK / s 
• G = temperature gradient, OK / mm 
• K = 0.241, m = 0.7, n = 0.12. K, m and n are experimentally determined factors 
for aluminium castings. 
The Franco criteria increases proportionally with an increase in the risk of porosity 
in the casting. Chi sea [43] stresses that the Franco criteria was developed for 
aluminium and that the criteria is only valid for conditions of directional 
solidification. Ruddle [44] states that in flake graphite (grey) iron, the later stages of 
solidification take place in a manner akin to directional solidification. On this basis, 
it is proposed that the criteria can be applied to a Grey Iron casting. The constants 
K, m and n determined for aluminium will be used [43]. 
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It should be noted that the Franco criteria will behave similarly to the Niyama 
criteria in several ways. A low temperature gradient or a high cooling rate will 
increase the Franco criteria; that is an increase in the predicted risk of porosity. The 
Local Solidification Time (Ts1) can be used as an indicator of a hot spot; the longer 
the area takes to reach liquidus point the higher this value is. It is not the intent in 
this work to use the Franco criteria to compare different castings, rather to compare 
the same casting when only a single change is made to the casting conditions. For 
example, if two simulations are run with the feeder geometry changed between each 
simulation, comparing the Franco criteria for both simulations is valid. 
3.3 Experimental Approach 
3.3.1 Introduction 
The work proceeded in 3 main steps: 
1. Model and Simulate Existing Casting and Conner Block. 
2. Propose Modified Conrter Block Design and Produce Castings. 
3. Model and Simulate Modified Conner Block. 
3.3.2 Model and Simulate Existing Casting and Conner Block 
The first task was to model the part using the AFS 3D Solidification Package 
(version 4.2). This required the casting geometry to be input as a wire model and 
meshed using an orthogonal XYZ grid. The rotate function in the modeller was used 
to create the three dimensional shape of the disc from a section. Extruded and 
rotated shapes were used to model the runner and Conner block. A vertical plane of 
symmetry was set along the centre line of the Conner block, requiring only one disc 
and half a Conner block to be modelled. The plane of symmetry defines the end 
point of the meshing and creates a boundary condition of no heat flow across the 
plane. Figure 3.8 shows the part of the mould modelled and the plane of symmetry, 
while top and side views of the model are shown in Figure 3.9. 
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Figure 3.8. View of Rotor Pair and Conner Block Showing Plane of Symmetry. 
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Figure 3.9. As Cast Model of Rear Disc. Direct Output from Simulation Modelling 
Package. 
When simulating the filling of the final runner, Conner block and rotors, it was 
assumed that the pouring bush, down sprue and main runners were full prior to the 
final runner filling. The fill time used in the model simulation can therefore be 
proportioned according to the weights of the parts: 
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Total Mass Poured = 105kg over 17 seconds 
Mass Sprue, Pouring Bush and Main Runner = 47 kg 
Mass Discs, Runners, Conner Blocks = 58 kg 
Thus the proportional fill time for the disc, runners and Conner blocks is 9 seconds. 
The simulation package meshes the model into a discrete, 3-D finite difference grid. 
The finer the mesh, the more accurate the model. When meshing the model, a 
maximum of 1,519,336 elements could be used due to RAM limitations on the 
computer used for the modelling. This translated to a step size of 2.3 mm in the 
model. As such, two nodes were used to describe the thinnest point of the casting, 
the Conner block overlap of 4 mm. Ideally at least three nodes should be employed 
across the thinnest section to give two outer cooling nodes and an inner insulated 
node. When only two nodes are present on the thinnest section, both outer nodes 
cool without an insulated central node. The model was meshed as a closed top 
model, with silica sand at 26°C as the mould media. The mould type was set to be a 
rectangular mould with wall thickness of 50 mm. 
3.4 Results - Simulation of As Cast Geometry 
3.4.1 Validation of Simulation of only Part of Mould 
In this work, the filling and solidification of the final runner, Conner block and the 
rotor are simulated. Referring to Figure 3.1, it can be seen that a considerable 
section of the runner system upstream of the final runner is not simulated. The 
entire mould was also simulated to confirm that this limited modelling was justified. 
Figure 3.10 shows a Critical Fraction Solidification plot for the runner system 
during solidification for the entire mould. Half the mould was modelled as a plane 
of symmetry was used in the simulation. Areas which are shaded are still behaving 
as a liquid and areas which are clear have solidified. From this plot it can be seen 
that the final runner, Conner block and rotors solidify in isolation from the main 
runner and downsprue. Hence, it is valid to model the solidification of only the 
Conner block, final runner and rotor in isolation from the rest of the runner system. 
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Figure 3.10. Critical Fraction Solidification Isolation for Rear Rotor - Entire Mould. 
3.4.2 Criteria Results - Original Conner Block 
3.4.2.1 Critical Fraction Solidification Isolation. 
Figure 3.11 shows the Critical Fraction Solidification sequence for the rotor with the 
original Conner block as solidification progresses. The clear areas are sections that 
have passed through the Critical Fraction Solid point and can be considered to 
behave as a solid. The shaded sections are yet to pass through the Critical Fraction 
Solid point and will behave as a liquid. 
The section of the rotor rim adjacent to the feeder is isolated from the feeder for 3% 
of the solidification time or 13 s. During this period the liquid metal in the isolated 
section will cool and contract and no liquid metal from the feeder will able to fill 
any shrinkage void. This loss of feeding is interpreted as the main cause of the 
porosity defect. The predicted position and shape of the porosity is consistent with 
that seen in the casting. Viewing the Critical Fraction Solid plots for the complete 
solidification of the casting showed no other areas of the casting were isolated from 
the feeder at any point as the rotor solidified. 
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Frame I: 1.99 min, 25% solidified. 
Feeder active to rotor 
Frame 3: 2.13 min , 27% solidified 
Iso lated section in rotor 
Frame 5: 2.27 min , 29% solidified 
Isolated section in rotor 
Tioe: 
1.991 
(.In) 
25 .0 > 
Frame 2: 2.06 min, 26% solidified. 
Feeder active to rotor 
Frame 4: 2.20 min, 28% solidified 
Isolated section in rotor 
Frame 6: 2.34 min, 30% solidified 
rotor fully solidified 
Figure 3.11. Critical Fraction Solidification Sequence for Rear Disc, As Cast 
Geometry. 
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3.4.2.2 Niyama Criteria 
Figure 3.12 shows the Niyama criteria plot for the rear rotor with the original 
Conner block design. The figure shown is a cast-scan x-ray, which gives a 
simulated X-ray of the solid casting. Areas outside of the scale are rendered in blue 
and have N > 0.6. Notice that areas with 0 < N < 0.6 only have been plotted. The 
criteria has predicted porosity throughout the rotor and plotting with N < 0.75 would 
not allow the areas where the most severe porosity was predicted to be seen. 
0.0 
FEEDER SIDE 0.6 
SCALE 
FEEDER SIDE 
Figure 3.12. Niyama Plot for Rear Disc with Original Runner Geometry. 
The Niyama criteria cast scan seen in Figure 3.12 suggests porosity in the location 
seen in real castings. However the criteria also suggests porosity of a similar 
severity at other points in the casting. Sectioning of the rotors has shown porosity is 
only found adjacent to the feeder, in the location described in Figure 3.4. The low 
values of the criteria at the base of the rotor are in the thinnest section of the casting 
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and are due to the directional cooling along the centreline of this thin section, where 
the temperature gradient, G, tends to zero. 
3.4.2.3 Franco Criteria 
Figure 3.13 shows the results of the Franco criteria for the original feeder design as a 
cast-scan. The criteria correctly predicted the position of the porosity. The peak 
value of the criteria was 1.52 adjacent to the feeder. The porosity is also predicted 
to be subsurface and close to the lower machined face. This is consistent with the 
real casting results. 
Peak Value 
FCC = 1.52 
FEEDER SIDE 
FEEDER SIDE 
Figure 3.13 . Franco Criteria for Rear Disc, As Cast Geometry. 
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The Franco criteria has correctly predicted the fault and has not predicted any 
significant porosity in any other sections where porosity has not occurred. In this 
respect, the Franco criteria has provided more accurate results than the Niyama 
criteria and similar results to the Critical Fraction Solid Analysis. 
3.5 Modifications to Conner Block 
3.5.1 Solution Development 
The analysis had shown that the cause of the rotor scrap was a shrinkage problem, 
related to inadequate feeding. Solutions were proposed to improve the feeding 
between the feeder and casting in order to eliminate isolated liquid sections in the 
casting during solidification. The simulation program was used to test the effect of 
several changes, including increasing the overlap area between the Conner block and 
the disc rotor. 
Increasing overlap area by increasing the overlap width from 4 mm to 6 mm 
increased the modulus of the feeder contact. Critical Fraction Solidification analysis 
predicted that this change would eliminate porosity from the casting. However, the 
current overlap causes fettling and machining problems because of the raised profile 
of the residual at break-off and the relatively large contact area, increasing this 
overlap area would only worsen these problems and was not considered a suitable 
solution. 
The successful solution involved modifying the geometry of the Conner block to 
improve its solidification. The length of the runner bar leading into the Conner 
block was extended. Figure 3.14 shows the rotor, Conner block and final runner in 
the original and modified layout. Figure 3.15 shows a photograph of a rotor and the 
two Conner block designs. 
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ORIGINAL CONNER BLOCK MODIFIED CONNER BLOCK 
Figure 3.14. Rotor Pair and Conner Block in Original and Modified Designs. 
Original 
Conner block 
Conner block 
Figure 3.15. As-Cast and Modified Conner block and Casting. 
3.6 Results - Modified Conner Block 
3.6.1 Production with Modified Conner Block 
The first trial of the modification to the Conner block was to make the design change 
on two of the six rotors produced in a single mould. Previous analysis had shown 
porosity defects were evenly distributed among all six rotors. The trial involved 
modifying the drag pattern to extend the runner bar beneath the Conner block. This 
was achieved by fixing a wooden block onto the drag pattern plate for the Conner 
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block feeding rotors number 1 and 3 on the pattern. Figure 3.16 shows the 
orientation of the rotors modified for the trial. 
Extended 
runner 
Original 
runner 
Figure 3.16. Rear Rotor Pattern Layout Showing Changes to Rotors 1&3. 
In the initial trial, approximately 200 moulds were poured in the layout described to 
produce a total of 1200 rotors. The rotors were machined as a batch for production 
and defect rates were recorded according to pattern number. Figure 3.17 shows the 
results of the trial. 
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Figure 3.17. Scrap by Pattern Number for Trial of Modified Conner Block. 
The experiment showed a significantly reduced defect rate for the modified design. 
The defective rotors cast using the modified Conner block were defective due to slag 
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and sand inclusions. The modification to the Conner Block eliminated shrinkage 
scrap from the rotors cast in the trial. 
Three rotors produced with the modified Conner block were sectioned on a lathe 
with machining cuts in steps of 1 mm. The rotors were examined for porosity 
between each cut. No porosity was observed in any of the rotors. 
As a result of the successful trial, the modification to the Conner block was 
implemented on all rotors produced in early 1999. Production results from the 
second quarter of 1999 found the defect rate had decreased from 10% using the 
original Conner block design to 1.5% with the modified Conner block design. As 
with the initial trial, shrink porosity defect on the rotors were negligible, with sand 
or slag inclusions causing the majority of the defects. During this period 
approximately 45,000 rotors were cast and machined. 
3.6.2 Criteria Results - Modified Conner Block 
It was established that the modification to the Conner block eliminated porosity 
from the casting. All three criteria had predicted porosity in the casting with the 
original Conner block geometry. By running a simulation of the rotor cast with the 
modified Conner block, the ability of each criteria to predict the absence of porosity 
could be tested. The only change between the simulation of the rotor with the 
original runner and the modified runner was the change to the runner length. Other 
variables such as pour time, temperature and mesh size were fixed between both 
simulations. 
3.6.2.1 Critical Fraction Solid Isolation 
Figure 3.18 shows the Critical Fraction Solid progress for the rotor with the 
modification to the Conner block. The Critical Fraction Solidification isolation 
shows the same point in the rotor will be isolated during solidification with the 
modified Conner block. The isolated section exists for 1 % of the total time of 
solidification or 5 s. This is significantly less than the 13 s, or 3% of solidification 
time, in the original model. While the analysis predicts a risk of porosity adjacent to 
the feeder, there is a significant reduction in the likelihood of this occurring. If 
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shrinkage does occur, it is likely to be less severe, as the volume of metal isolated 
has decreased. 
Tine : 
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Frame 1: 21 % Solid - Feeder active to rotor 
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Frame 3: 23% Solid - Minor Isolation in Single Frame 4: 24% Solid - Feeder Active to Rotor 
Frame 
Figure 3.18. Critical Fraction Solidification Sequence, Modified Conner Block. 
3.6.2.2 Niyama Criteria 
Figure 3.19 shows the Niyama criteria cast scan for the modified disc geometry. A 
comparison of the plot of the Niyama criteria for the modified Conner block to the 
original Conner block (Figure 3.12) shows little reduction in the predicted porosity 
in the casting. Both plots showed N = 0.0 at many points throughout the casting, 
including the area where porosity was seen in real castings. Porosity was still 
predicted at the base of the rotor and along the centres of most sections. For this 
simulation, the Niyama criteria has not been successful in accurately predicting the 
porosity defect or the reduction or elimination of the defect. 
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0.0 
0.6 
FEEDER SIDE 
SCALE 
FEEDER SIDE 
Figure 3.19. Niyama Criteria for Modified Conner Block, Range 0 - 0.6. 
3.6.2.3 Franco Criteria 
Figure 3.20 shows the Franco criteria plot for the rotor with the modified Conner 
block geometry. The Franco criteria predicts a reduction in the peak value for the 
design change, although this has only decreased from 1.52 to 1.47, a 3% drop. It is 
not realistic to interpret this as a meaningful improvement in the casting. 
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Peak 1.47 
FEEDER SIDE 
FEEDER SIDE 
Peak 1.47 
Figure 3.20. Franco Criteria Plot - Modified Design, Peak Value = 1.47. 
3.6.2.4 Criteria Results Summary 
The Critical Fraction Solid criteria is the only one of the three criteria to con-ectiy 
predict a reduction in the porosity in the casting with the modified Conner block. 
The predictions of the simulation package and the casting results are summarised in 
Table 3.1 . 
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Table 3.1. Comparison of Simulations and Result for all Simulation Criteria 
CRITERIA ORIGINAL FEEDER MODIFIED FEEDER 
Prediction Casting Results Prediction Casting Results 
Critical Fraction Porosity adjacent Porosity adjacent Porosity adjacent to Porosity eliminated 
Solidification to feeder in rim to feeder in rim rim, major reduction 
Niyama Criteria Porosity Porosity adjacent Porosity throughout Porosity eliminated 
throughout rotor to feeder in rim rotor 
Franco Criteria Porosity adjacent Porosity adjacent Porosity adjacent to Porosity eliminated 
to feeder in rim to feeder in rim rim, little reduction 
3.7 Discussion 
The experimental technique of modifying a representative part of the pattern and 
retaining other components as control parts shows the impact of design changes and 
reduces the effect of process influences such as metallurgy, pour time or pour 
temperature. As control castings are made from the same mould as prototype 
castings, the risk of other variables influencing the results is minimised. Had the 
Conner blocks for all six discs on the pattern been modified simultaneously, it could 
not be concluded that the reduction in shrinkage was not caused by variations in 
metallurgy, pour time, sand condition or operator practice. 
It is a commonly stated design principle to ensure the feeder only solidifies after the 
casting is fully solidified (Gerin-Sylvia [11] and Brown [45]). A fluid channel must 
be maintained between the feeder and the casting. Isolated hotspots and, hence, 
shrinkage can occur if the feeder is isolated from the casting before the casting has 
solidified. By changing the geometry of the Conner block, the simulation indicated 
that the isolation of the casting from the feeder was reduced. Using the Critical 
Fraction Solid point as an indicator of when feeding can no longer occur has given 
good results. 
It is proposed that the design change removed the porosity by two mechanisms. The 
first is that the extension of the runner bar lowered the center of the Conner block 
closer to the level of the rotor rim. This means that as the rotor and Conner block 
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solidify, the Conner block will be able to feed liquid metal into the rotor for a longer 
period of time. This is shown in Figure 3.21. 
Centre of 
feeder 
v Heat flow 
out of rotor 
Original Conner Block Design 
Heat flow 
into rotor 
Centre 
of feeder 
Modified Conner Block Design 
Figure 3.21. Thermal Effects of Runner Bar Extension 
Figure 3.22 shows simulation cast scans of the Critical Fraction Solid sections of the 
rotor and the original and modified Conner block, as original and modified. The last 
part of the modified Conner block to solidify is vertically closer to the ingate of the 
rotor than the unmodified Conner block. 
MODIFIED ORIGINAL 
Figure 3.22. Cast-Scans of Critical Fraction Solid Near end of Solidification. 
Secondly, the runner extension may act as detached padding. Without the extension, 
heat is drawn from the rim of the rotor toward the underside of the Conner block. 
With the runner extension, heat can flow from the runner extension into the rim of 
the rotor. The effect will tend to heat the gate between the rotor and the Conner 
block, improving liquid contact and allowing liquid metal to feed into the rotor for a 
longer period of time. Figure 3.21 illustrates this effect. 
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Of the three criteria considered, only the Critical Fraction Solid analysis correctly 
predicted a significant reduction in porosity in the rotor from the design change. 
The Franco criteria predicted the improvement, although only as a marginal change. 
The Niyama criteria incorrectly predicted porosity throughout the casting and 
showed no improvement to the casting when the modified geometry was simulated. 
3.8 Conclusions 
Critical Fraction Solid analysis to check for directional feeding was successfully 
used to analyse and improve the feeding of a Grey Cast Iron component. The most 
significant results of this work are the validation of the solidification modelling 
program and the reduction of defects. The simulation package correctly predicted 
the position of porosity in the rotor using the Franco criteria and Critical Fraction 
Solid isolation. The Niyama criteria appears conservative and predicted porosity in 
the rotor both in the locations porosity was observed, as well as at many other 
points. When comparing the Franco criteria to the Niyama criteria, the Franco 
criteria more accurately modelled porosity and was less sensitive to geometrical 
influences. 
Viewing the Critical Fraction Solidification sequence provided precise information 
on the feeding of the casting. Critical Fraction Solidification analysis was the only 
criteria to predict the reduction in porosity in the rotor when cast with the modified 
geometry. 
The simulation package was used to simulate the effect of a single change to the 
casting technique. This allowed the impact of the change to be evaluated 
independently from other variables. Similarly when the change was implemented in 
production, by making the change to only a proportion of the castings produced, the 
effect of the change could be accurately evaluated. Prototyping trials were 
structured to produce modified and original parts simultaneously, controlling the 
influence of process and environmental variables. 
It is well known that the feeder must contain a head of liquid metal above the joint 
with the casting to allow liquid metal to feed into the casting under gravity [6, 8,44]. 
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In this work this rule is followed, but it is also demonstrated that by designing the 
feeder with mass below the joint to the casting, the feeder will operate more 
efficiently and supply liquid metal to the casting for an extended period. 
When designing a new casting and feeding system, it is important that the simulation 
package can predict whether there is a risk of porosity with the proposed feeding 
system. In this work the Niyama criteria predicted porosity where it did not exist in 
a real casting. Thus the Niyama criteria could not be used with confidence to predict 
if a casting design would produce castings free of porosity. 
The Franco criteria is seen to be less sensitive to incorrectly predicting porosity in 
the casting than the Niyama criteria. Further work to evaluate the use of Franco 
criteria for iron may validate the criteria as an absolute measure of porosity. If the 
criteria can be validated or adapted for cast iron, a critical value could be employed 
to test proposed new casting and feeder systems for porosity risk. From this work, 
observation of the Critical Fraction Solidification progress to ensure correct feeding 
and no liquid isolation is the best tool available to test for the likelihood of porosity. 
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Chapter 4 - Effect of Venting on Casting 
Defects 
4.1 Introduction 
4.1.1 Background 
The work presented in this chapter considers the use of mould venting to reduce 
flow and gas related casting defects such as cold-shuts and blowholes. Chapter 3 
considered the effect of casting solidification and the use of feeders to prevent 
shrinkage porosity defects in castings. Casting defects such as cold-shuts, slag 
inclusions and blowholes are not usually associated with solidification, but are more 
commonly linked to the filling regime of the mould. The filling regime is controlled 
by the runner system design, mould venting and mould pouring practice. The part 
considered in this chapter is a Compacted Graphite Iron front exhaust manifold, cast 
using a resin bonded core (Figure 4.1). 
cur] 
) 
Castings Core 
Figure 4.1. Front Exhaust Manifold - Castings and Core. 
4.1.2 Literature 
Cold-shuts and blowholes are the main defects seen in the production of manifolds; 
these defects are influenced by the filling of the mould rather than solidification. 
These types of defects are often associated with insufficient venting (Berner, 
Metevelis and Scheil [15] , Rowley [16] and Karsay [6]). Thin wall castings solidify 
rapidly and shrinkage is rarely a major concern. Instead, the rapid filling and 
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solidification of the casting can cause cold-shut defects. Also, during filling the air 
displaced from the mould can become entrapped in the casting or gases can evolve 
from cores or the mould wall and cause a blowhole in the casting wall. 
Cold-shuts are defined as a flow related defect causing a linear discontinuity with 
rounded edges (Rowley [16]). An image of a cold-shut is shown later in this section 
in Figure 4.8. Cold-shuts in sand castings may be caused by insufficient fluidity, 
slow or interrupted pouring or inadequate venting. 
Blowholes can be caused by entrapped gases remaining in the metal during 
solidification [16]. The gas can be present in the molten metal when poured, it can 
be evolved from the mould or cores or it can be entrapped at the molten metal to air 
interface during mould filling. Insufficient evacuation of air during mould filling 
will cause air entrapment and a common recommendation to avoid this is to improve 
venting of the mould cavity (Rowley [16], Berner, Metevelis and Scheil [15]). 
Karsay [6] defined a vent as a channel connecting the mould cavity with the 
atmosphere outside the mould. The main function of a vent is to allow mould gases 
to escape, decreasing internal gas pressure and decreasing the pouring time. Karsay 
stated that a cold-shut defect may result from causes unrelated to the runner system, 
but can usually be eliminated using a correct runner system design. A cold-shut 
results when the mould is being filled by two or more liquid streams and the running 
fronts meet but do not achieve complete fusion. Karsay recommends fast pouring 
and correct venting as remedies to cold-shuts. In contrast, Campbell [5] proposed 
that the main benefit of mould venting is to keep the upper ( cope) surface of the 
mould cooler than it would be without venting. Gases generated should diffuse 
through the walls of an unvented sand mould satisfactorily. However the escape of 
hot gases through cope vents to atmosphere allows the cope surface to be cooled by 
convection. Campbell stated that heating the upper cope surfaces can dry the sand 
on this surface and cause scabbing defects or the dried sand to fall as sand rain. 
Unlike the other authors referenced in this section, Campbell [5] did not associate 
cold-shuts or blowholes with insufficient mould venting. 
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4.1.3 Hypothesis 
From this review, three sources (Berner, Metevelis and ScheH [15], Rowley [16] and 
Karsay [6]) proposed that an insufficiently or incorrectly vented mould will cause 
cold-shut defects in the castings. Two sources (Berner, Metevelis and ScheH [15] 
and Rowley [16]) associated insufficient venting with blowholes. However the 
literature is not specific on the position and degree of venting required to produce 
sound castings free of such defects. Berner, Metevelis and Scheil [15] summarise 
this ambiguity with the recommendation "If in doubt, vent some more." They 
agreed with Karsay [6] that venting should be made clearly through the cope, ideally 
using vent pins permanently attached to the cope pattern. Berner, Metevelis and 
Scheil proposed the only quantifiable rule found in the literature, which is that the 
total vent area for the mould should be at least equal to the total choke area of the 
runners supplying the castings. 
From the literature, a hypothesis was made that "An inadequately vented mould 
cavity will cause cold-shut and blowhole defects in castings. Similarly, a properly 
vented mould will produce castings with fewer cold-shut and blowhole defects. " 
4.2 Experimental Approach 
To test this hypothesis for the front exhaust manifold casting the following steps 
were performed: 
1. Analyse the current runner system and venting setup 
2. Analyse the castings produced with the current runner system and venting to 
establish type and frequency of all defects 
3. Verify validity of the baseline data against historical foundry performance 
4. Propose and design improved mould venting based on literature and analysis 
5. Produce castings with improved venting to test the hypothesis by comparing the 
resulting defect rates 
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All experimental data was collected by analysing populations of castings produced 
in the plant. The castings were classified as either acceptable or defective by the 
author and the cause of each defect recorded. 
All castings analysed were produced with the foundry running within process limits. 
Any trial parts produced out of specification (for example incorrect metallurgical 
composition, temperature out of range, sand conditions incorrect) were rejected from 
that trial. 
A single defective casting may have two separate defects, for example a cold-shut 
and a blowhole. In this case both defects were recorded, so the total number of 
defective castings in a population may not always equal the total number of all 
defects recorded. Percentage (%) acceptable refers to the percentage of single 
castings in a population free of any defects. 
4.3 Results, Analysis and Discussion 
4.3.1 Analysis of Current Runner System and Venting 
Six manifolds are produced for each mould. Each casting cavity in the mould has 
local venting, but the runner system for the mould is not vented. The original runner 
system for the front exhaust manifold is shown in Figure 4.2. Figure 4.3 shows a 
single manifold and the venting attached to that manifold. 
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Figure 4.2. Original Runner System for Front Exhaust Manifold (only one complete 
manifold is shown). 
Figure 4.3. Single Manifold As Cast with Runner and Attached Venting. 
The critical inlet choke for the runner system is located where the ingates overlap 
the secondary runners. Each manifold has three ingates. The critical choke for a 
single manifold is given by the sum of the smallest area of each gate (Figure 4.4). 
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The overlap width is typically 1 mm and the three ingates for each manifold have 
overlap lengths of 20 mm, 20 mm and 52 mm giving a total choke area of 92 mm2• 
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Figure 4.4. Critical Choke Area for One Ingate (shown hatched). 
All manifolds have two main vents, a flow off vent at the split line of the manifold 
and a vent at the rear of the exhaust outlet of the manifold (Figure 4.5). Venting is 
required as the manifold fills. The vent at the rear of the manifold will allow gases 
to vent to the atmosphere as the casting cavity fills. However, the flow-off vent will 
only release gases while the level of molten metal is below the flow-off. Once the 
fluid level is above the flow-off, only the rear vent will function (Figure 4.6). 
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Figure 4.5. Vent Setup for Front Exhaust Manifold. 
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Figure 4.6. Venting limitations of flow-off and ingate choke. 
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Figure 4.7. Critical Choke Areas for Venting. 
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As with a choke on a runner system, it is assumed that the critical area controlling 
the flow through a vent will be the smallest cross sectional area along the vent path. 
Figure 4.7 shows the points of these critical venting areas. 
Simple geometry is used to calculate the effective vent areas: 
• Ingate Choke Area 
• Flow-off Venting Area 
• Rear Venting Area 
• For filling of manifold to flow-off level: venting area ~ inlet area 
(both vents active). 
• For filling above flow-off level: venting area ~ 25 % of inlet area. 
(only rear vent active) 
From this analysis the rule that choke area::::: vent area [15] is satisfied for the first 
part of filling of the manifold while both vents are active. However once the 
manifold is filled above the flow-off only the rear vent is active and venting capacity 
is insufficient. It is in this critical last part of the mould filling, when all gases must 
be vented from the mould that the vent area is approximately four times smaller than 
that recommended by the literature [15]. 
4.3.2 Analysis of Castings to Determine Defect Type and Frequency 
The four main defects which occur on the front exhaust manifold are cold-shuts, 
sand rain, slag inclusions and blowholes. Examples of each defect are shown in 
Figure 4.8. 
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Slag Inclusion 
Figure 4.8. Example of Common Defects in Front Exhaust Manifold. 
The sand rain defect is believed to be caused during core setting or closure of the 
mould. Sand is dislodged from the mould and falls in small piles on the base of the 
casting before the mould is filled. Upon filling of the mould, the piles of sand 
remain in position, creating a cavity in the casting. The defect usually results in the 
need to weld repair or scrap the casting. 
Rowley [16] stated that a blowhole defect caused by gas present in the melt will 
cause many defects distributed throughout the casting. In the castings produced, 
blowhole defects are usually singular with a smooth round surface and often seen at 
the top, or cope, half of the casting. From this observation it appears the blowhole 
defects are not caused by gas present in the melt. The alternative mechanism for the 
formation of blowholes is that they are caused by gases evolved from the mould or 
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core materials or by entrapment of air displaced from the mould. Defects formed in 
this manner are usually singular or irregularly grouped [16]. The singular nature of 
the observed blowhole defects suggests that they are caused by mechanical air 
entrapment during filling, or by gases evolved from the core or mould. 
Cold-shut defects are seen as a distinct seam in the casting and will usually require 
the casting to be scrapped. Cold-shut defects are often seen in the same horizontal 
plane as the flow-off connection, as shown in Figure 4.8. 
Slag defects result from non-metallic impurities (usually slag or sand) being washed 
into the casting during filling. They are irregular in appearance and are usually seen 
on the cope (upper) surface of the casting and are often multiple in number. They 
can be confused with blowholes and require weld repair or scrapping of the casting. 
In foundry operation, defective castings can be either weld repaired, reworked or 
scrapped. Scrap castings are put aside and remelted as charge for the foundry, as the 
defect or defects on the part are considered too severe to be weld repaired. Weld 
repair castings are repaired by an external contractor. Rework manifolds normally 
require additional fettling, shotblasting or the removal of excess metal. For this 
work, a defective manifold is considered as a manifold requiring scrap or weld 
repair. 
Sand rain defects are considered to be independent of the running and venting 
systems. The cause of this fault was studied and addressed by the author and other 
foundry personnel, but this work is not presented in this thesis. 
The intent of the first trial was to gather data on the defect rate and defect cause for 
the standard runner system and venting. 128 moulds of front exhaust manifold 
castings were produced and fettled as a batch. All scrap, weld repair and rework 
castings were isolated from the batch by the fettling operators. The author inspected 
all castings classified as acceptable and added any more unacceptable castings to the 
weld, scrap or rework baskets as appropriate. Table 4.1 shows the results of the 
inspection for all defective castings found. The total population of front exhaust 
manifolds surveyed was 765. Figure 4.9 shows the mould layout and the numbering 
system used to identify individual castings produced from the same mould. 
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Table 4.1. Combined Scrap and Weld Repair Front Manifolds - Trial 1 - Original. 
Pattern # Total Total Sand Rain Cold-shuts Blowholes Other 
Produced Defects 
1 128 38 34 1 8 0 
2 128 59 42 1 0 2 
3 128 26 22 7 6 0 
4 128 43 37 1 9 0 
5 128 61 40 27 1 2 
6 128 33 32 2 1 0 
Total 765' 260 227 39 25 4 
* three castlllgs lost III tnal. 
Figure 4.9. Pattern Layout for Front Manifolds (top view). 
All castings in the trial were produced within the limits of the foundry specifications 
and with the original runner and venting system. The survey showed: 
1. In a population of 765 castings, 5.1% had cold-shut defects and 3.3% had 
blowhole defects severe enough to warrant weld repair or scrapping. 
2. 69% of cold-shut defects occurred on pattern number 5. If the defects were 
evenly distributed among the pattern numbers each would have 17% of the cold-
shut defects observed. 
3. 30% of castings produced were judged as having sand rain defects severe 
enough to require scrapping or weld repair of the casting. 
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4. Blowhole and cold-shut defects do not appear to be evenly distributed among all 
casting pattern positions. 
5. The three "other" defects recorded were excess metal defects, requiring 
additional fettling treatment. These defects were caused by sand sticking to the 
pattern during moulding. 
4.3.3 Compare Baseline Data with Historical Foundry Performance 
The baseline trial results (Trial 1) were compared with historical data on defect rate 
and cause to confirm that the data was consistent with the normal performance of the 
foundry. The first data check was of manifolds requiring weld repair. Over a seven 
month period from June 1998 to December 1998, 13% of all manifolds produced 
required weld repair. Auditing of front and rear manifolds produced in June 1999 
showed an even ratio of front and rear manifolds were sent for weld repair. Hence 
13% of front exhaust manifolds produced required weld repairs. 
Audits conducted by foundry quality assurance teams in 1998 and 1999 of the cause 
of weld repair showed sand rain caused 78% of defects requiring weld repair. Cold-
shuts and blowholes were the next most significant cause, accounting for 22% of 
castings requiring weld repairs. The results are summarised in Table 4.2. 
Table 4.2. 1998/1999 Audit Summary - Front Manifolds shipped for weld repair. 
Pattem# Total No defect Defectreq. Sand Rain Cold-shut Blowhole Other 
shipped weld repair defect 
1 137 12 125 105 10 10 0 
2 113 11 102 83 7 11 1 
3 79 6 73 37 17 19 0 
4 80 9 71 61 4 5 1 
5 258 4 254 195 44 15 0 
6 46 7 39 34 2 2 1 
Total 713 49 664 515 84 62 3 
% of weld 0 N/A 100% 78% 12.7% 9.3% 0.5% 
repair 
As 13% of castings produced require weld repair and 12.7% of weld repaired 
castings are due to cold-shuts, 1.7% of all castings produced are weld repaired due 
to cold-shuts. Similarly 1.2% of all castings produced are weld repaired due to 
blowholes. 
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The second data check was for scrapped castings, based on 1998 full year data. For 
the 92,190 front exhaust manifold castings produced in 1998, the average foundry 
scrap rate was 9.0%. A foundry defect is a defect whose origin was in the casting, 
whether the defect was found in the casting plant or at machining. Figure 4.10 
summarises the 1998 scrap causes for the full year of all scrap castings. 
Metallurgical 
9% 
Cold Shuts 
22% 
16% 
Other 
8% 
Sand Rain 
45% 
Figure 4.10. Foundry Scrap Causes for Front Manifold - 1998 Full Year. 
As 9% of castings produced are scrapped and 22% of scrapped castings are due to 
cold-shuts, we can conclude 2.0% of all castings produced are scrapped due to cold-
shuts. Similarly 1.4% of all castings produced are scrapped due to blowholes. 
Combining scrap and weld repair data shows that for large samples of recent 
foundry operation, 3.7% of front exhaust manifolds produced had cold-shuts and 
2.6% had blowholes. In this work, Trial 1 found 5.1 % of front manifold castings 
had cold-shuts and that 3.2% of castings produced had blowholes. There is good 
consistency between the baseline trial and the historical performance of the foundry. 
It is believed that the author may have classified defects more severely than 
operational staff, hence the overall defect rate in the baseline trial for normal 
castings is marginally higher than historical foundry performance. In collating the 
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historical data, foundry personnel chose only one defect type for each defective 
casting, more often than not sand rain. In this work, the author recorded sand rain 
defects, but if that casting also had another defect both defects were recorded. This 
is believed to be another reason the foundry classified cold-shut and blowhole defect 
rate was lower than in the author classified trials. The results of all trials of changes 
to mould venting were assessed by the author, hence the baseline trial, which was 
also assessed by the author, is valid to use for comparison to these trials. 
4.3.4 Propose Improved Venting Practices for Manifold 
It was decided that any new or enlarged venting should be from the top of the 
casting in the as cast orientation. This is to avoid the problem illustrated in Figure 
4.6 where a vent stops releasing gases before the casting cavity is full. Two venting 
methods were proposed, consistent with Karsay [6] and Berner, Metevelis and 
Scheil [15]: 
1. Modify core to enable extra venting at rear of manifold. 
2. Add vent pin directly onto manifold body. 
The two methods are shown in Figure 4.11. 
Additional Front Vent Additional Venting at Exhaust Outlet 
Figure 4.11. Modifications to Venting to Increase Top Venting Capacity. 
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The effect of the vents on the total venting area is summarised in Table 4.3. The 
extra venting at the rear was achieved by modifying the core (Figure 4.12). 
Table 4.3. Venting Changes for Trials 2 and 3 of New Venting Set Up. 
Patterns Method Original top vent area Additional top vent area Total top vent area 
per casting per casting per casting 
1&6 Modify core at rear of 23mm2 124mm2 147mm2 
manifold 
2&5 Direct vent on manifold 23mm2 113 mm2 136mm2 
¢12mm 
3&4 No change - control 23mm2 Omm2 23mm2 
All 1,2,5 &6 improved, 138 mm2 (all 6 castings) 474 ~ (all 6 castings) 612mm2 
positions no change on 3&4 (all 6 castings) 
The total ingate area remained at 92mm2 per casting, so for patterns numbers 1,2,5 
& 6 the rule requiring vent area> choke area [15] was satisfied. 
ORIGINAL MODIFIED 
Figure 4.12. Core Modifications for Increased Venting Capacity at Rear of 
Manifold. 
A limited run of cores was produced to achieve the geometry shown in Figure 4.12. 
Figure 4.13 shows photographs of the critical contact area for the rear vent on an 
original manifold and a manifold produced using the modified core. 
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Original Rear Vent Modified Rear Vent 
Figure 4.13. Critical Contact Area for Original and Modified Rear Vent. 
A vent pin of was attached directly to the cope half of the casting pattern on pattern 
numbers 2 and 5. The vent pin was long enough to ensure the vent was formed 
clearly through the cope to atmosphere. Figure 4.14 shows a casting with the vent 
pin as cast and still attached. 
Figure 4.14. Front Manifold Casting with Additional Vent Pin Still Attached. 
The hypothesis that "An inadequately vented mould cavity will cause cold-shut and 
blowhole defects in castings. Similarly, a properly vented mould will produce 
castings with fewer cold-shut and blowhole defects" was tested by producing a 
statistically significant number of moulds made with the new venting setup. 
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4.3.5 Increased Venting Trial 
642 Castings were produced from 107 moulds using the modified pattern. Table 4.4 
summarises the results of the trial. All castings were sorted and classified by the 
author, as per the baseline trial (Trial 1). 
Table 4.4. Venting Modification Trial Results (Trial 2) 
Pattern # Vent change # surveyed cold-shuts blowholes Other 
1 Extra at rear 107 0 6 0 
2 New pin 107 0 5 1 
3 Nil- control 107 1 11 0 
4 Nil- control 107 0 12 0 
5 New pin 107 16 5 0 
6 Extra at rear 107 0 8 0 
Total N/A 642 17 47 1 
% of total N/A N/A 2.6% 7.3% 0.2% 
These results can be best compared with the baseline data presented in Table 4.1 for 
Trial 1. Comparison of the two data sets shows a number of significant results. 
4.3.5.1 Cold-Shuts 
The trial with the original venting (Trial 1) saw 5.1 % of all castings produced with 
cold-shuts. Trial 2 with extra top venting on 4 of the 6 manifolds saw 2.6% of 
castings produced have cold-shuts. In Trial 2, pattern numbers 1, 2 and 6 had 
additional top venting and recorded no cold-shut defects in the 321 manifolds 
produced at these positions. In the original baseline trial (Trial 1), with less top 
venting, patterns 1,2 and 6 recorded four cold-shuts in the 384 parts surveyed. The 
baseline trial also saw cold-shuts recorded in all positions on the pattern plate. In 
Trial 2 four of the six positions produced no cold-shuts. 
Statistical testing of cold-shut frequency between the baseline data (Trial 1) and the 
modified venting trial (Trial 2) was carried out. The hypothesis tested was that the 
cold-shut rate in Trial 2 was lower than in Trial 1 beyond the normal ranges of 
variation within the populations. 
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Baseline (Trial 1) - cold-shuts in 39 of 765 castings, PI 
Modified Venting (Trial 2) - cold-shuts in 17 of 642 castings, P2 
Need to know if PI > P2 
The null hypothesis is that PI == P2, 
Otherwise stated as: Ho: (PI - P2) == 0 
Alternative Hypothesis: Ha: PI > P2 
Let Xl and X2 be the number of successes in populations PI and P2, respectively (here 
a cold-shut is defined as a success): 
The test statistic, Z, is thus: 
z = (PI - P2)-0 
pq + pq 
nl n2 
This is a one tailed test, so set oc == 0.05. From data tables in Mendenhall and Beaver 
[59], the null hypothesis, Ho, will be rejected if Z >1.645. 
P = Xl + x 2 = 39 + 17 = ~ = 0.0398 
n l + n 2 765 + 642 1407 
Z= 
PI -P2 0.051-0.026 
AA( 1 1 J pq -+-
nl n2 
= 
0.0398XO.960l_1- + _l_J 
1765 642 
Z = 0.025 = 2.389 
.J0.0382 x 2.865 X 10-3 
hence Z > 1.645 
Thus the null hypothesis, Ho: PI = P2 is rejected and it is concluded that PI > P2. The 
trial results give sufficient statistical evidence that the proportion of cold-shuts in the 
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castings made with the original venting (Trial 1) is greater than in the castings made 
with increased venting (Trial 2). The statistical analysis assumes samples were 
selected in a random and independent manner from two binomial populations. 
Use a P test, referring to table 3, Appendix III of Mendenhall and Beaver [59]. 
At z=2.39, the area under the normal curve is 0.4916 
Thus the P value is given by: 
P= 0.5000 - 0.4916 
P = 0.0084. 
Thus the alternative hypothesis is true for all a> 0.0084 
This means that there is a 0.84% chance of a type I error, that is a 0.84% chance the 
null hypothesis that the two populations are equal has been rejected when it is true. 
The analysis shows with 99.16% certainty that cold-shut frequency has decreased by 
increasing the venting of the mould. There has been an improvement beyond 
normal statistical deviations. 
Data from the baseline trial and historical weld repair data showed that in the 
original pattern layout, pattern number 5 accounted for the majority of cold-shuts in 
all castings produced. Trial 1 (baseline) saw 21.1 % of castings made on pattern 5 
have cold-shuts. With additional venting on that pattern number and for the entire 
mould, trial 2 saw that 15% of castings produced at pattern 5 have cold-shuts. It 
does appear that at pattern number 5 a more significant effect than venting is causing 
cold-shuts to occur. Chapter 6 examines the influence of the runner system and 
mould filling velocity on cold-shut defects. 
Study of the cold-shut results for the control castings (positions 3 and 4) indicates 
the most significant reduction in cold-shuts occurred in these casting pOSitions. 
However, no changes were made to the local venting on these castings. It appears 
that by placing additional venting on selected casting cavities in a mould, the filling 
of all casting cavities in the mould is improved. In Trial 2, four of the six castings 
had increased venting. The cold-shut frequency was reduced for all of these four 
modified casting cavities, but also for the two unmodified casting cavities. The 
intent was to use the unmodified casting cavities as control castings to see if defect 
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rates remained high in these cavities. Instead, the cavities without increased venting 
recorded the greatest reduction in cold-shut rate. Further work is required to 
understand whether increased venting improves the filling only locally in the mould 
or for all castings in the mould. These results suggest a global effect, as cold-shuts 
were reduced for all castings in the mould. 
4.3.5.2 Blowholes 
The data shows the increase in top mould venting did not decrease blowholes. In 
Trial 1, 3.2% of castings had blowholes with the original venting (population 765), 
while in Trial 2, 7.3% of castings had blowholes with the additional top mould 
venting. Therefore, the frequency of blowhole defects more than doubled in the 
second trial when venting was increased. 
Comparing the results by pattern number, patterns 1, 3 and 4 produced similar 
proportions of blowhole defects in both trials. Patterns 2, 5 and 6 all had increased 
venting. At patterns 2, 5 and 6 the rate of blowholes increase tenfold with the 
additional venting. 
Karsay [6], Rowley [16] and Berner, Metevelis and Scheil [15] all relate insufficient 
venting to cold-shuts and suggest increasing venting capacity to reduce cold-shuts. 
Rowley (16] and Berner, Metevelis and Sheil [15] also suggest increasing venting as 
a remedy for blowholes. This work has shown increased venting does decrease the 
occurrence of cold-shut defects, but also that the occurrence of blowhole defects 
increased. Further work is required to determine whether increased mould venting 
caused the increase in blowhole frequency, or whether another effect is significant. 
4.3.5.3 High Magnesium Levels 
All the analysis in this thesis compares trials where castings are produced within the 
specification limits of the foundry. In this section the production of castings outside 
of these specification limits is examined. A batch of 560 castings was produced 
where the requirements for metal composition were not met. High levels of 
magnesium were present in the metal poured for these castings. The magnesium 
level for C.G. iron castings is 0.015-0.025 %, with a target of 0.020% (see Table 
2.1), however the castings produced in this batch had typical magnesium levels of 
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0.035 %. All other casting conditions were within specification. The castings were 
isolated, sorted and classified by the author. The results are shown in Table 4.5. 
Analysis of these results shows the effect of high magnesium levels 'on casting 
defects. 
Table 4.5. High Magnesium Trial Results (Trial 3) 
Pattern # # Surveyed Cold-shuts Blowholes Other 
1 94 3 4 0 
2 94 2 5 0 
3 94 2 10 0 
4 94 0 11 0 
5 94 31 11 0 
6 94 2 6 0 
Total 564 40 47 0 
% of total N/A 7% 8.3% 0% 
Comparing these results to Trial 2 (same pattern design and venting, standard 
metallurgy) showed the following: 
• Cold-shut frequency had more than doubled. 
• Blowhole frequency and distribution were similar. 
• The majority of cold-shuts still occured on pattern # 5. 
Again, a statistical hypothesis test was run comparing the results from Trial 2 
(standard metallurgical composition, additional venting) to Trial 3 (high magnesium 
levels, additional venting). 
Testing the hypothesis that the frequency of cold-shuts in both trials was equal, a z 
test statistic of 3.62 indicated that the hypothesis must be rejected. The alternative 
hypothesis that the high magnesium trial (Trial 3) produced more cold-shuts than the 
standard metallurgy trial (Trial 2) is accepted. A "P" test on these populations 
shows there is a 0.1 % chance the alternative hypothesis was accepted when it was 
false. The same statistical approach as used previously in section 4.3.5.1 was 
employed here (Mendenhall and Beaver [59]). 
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Karsay [6] stated that the danger of cold-shut defects is dramatically increased if the 
separate molten metal streams become oxidised on their surfaces during the fill. In 
cast irons, these oxide films are essentially magnesium silicate. It follows that a 
higher magnesium level in the melt will more readily form oxides at the surface of 
the melt stream and lead to an increase in cold-shut frequency. On this basis, the 
occurrence of cold-shuts should increase with additional magnesium in the melt. 
The trial results are consistent with this expectation; cold-shut frequency more than 
doubled when the magnesium content in the poured metal exceeded the upper 
specification limit. 
Comparison of the two trials also shows blowhole frequency has not significantly 
changed with the additional magnesium in the melt. Other defects such as slag 
inclusions were negligible in both populations. 
4.4 Conclusions 
The main intent of increasing mould venting was to reduce or eliminate the 
occurrence of the two flow related defects, cold-shuts and blowholes. Increased 
venting was achieved by enlarging or attaching vents to the upper or cope surfaces 
of the castings. The experiment was designed such that for production of the six 
castings in a mould, four were produced with significantly increased venting and 
two were unchanged. 
The results of the trials showed that increasing the venting capacity for four of the 
six casting cavities halved the cold-shut frequency for the population of castings 
produced. Each of the six casting cavities recorded a reduction in cold-shut 
frequency. The venting effect appears to be global for the entire mould, as the two 
casting cavities which recorded the biggest reduction in cold-shuts were the castings 
produced without an increase in local venting. Statistical analysis shows the 
addition of venting reduced cold-shut frequency beyond the level of variance 
associated within normal casting populations. Three sources, Karsay [6], Berner, 
Metevelis and Scheil [15] and Rowley [16], recommended increased venting to 
reduce or eliminate cold-shuts. The findings on cold-shuts in this case study are 
consistent with these sources. 
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It can be concluded that venting is an important variable in cold-shut formation in a 
thin walled casting. Increased venting reduced but did not eliminate cold-shuts, so it 
is proposed that there are one or more other variables in mould design or pouring 
which have a significant effect on cold-shuts. Venting should be clear through to the 
atmosphere and should be from the top of a gravity filled casting to ensure efficient 
expulsion of air and gases throughout the filling of the casting. 
Rowley [16] and Berner, Metevelis and Scheil [15] proposed that increased venting 
would also decrease or eliminate the occurrence of blowholes in castings. However 
in this case study increasing mould venting has increased the occurrence of 
blowholes. Blowhole frequency was observed to double for the population of 
castings produced with increased venting. At this point, we can only record this 
observation and encourage others to consider the effect of venting on blowhole 
occurrence. The author suspects the blowholes in this casting may be independent 
of mould cavity venting and instead be associated with gases evolved from the core. 
Karsay [6] proposed that in cast irons, cold-shuts are formed when separated molten 
streams become oxidised on their surfaces during mould filling. When the streams 
meet, incomplete fusion at the joint causes a cold-shut. Karsay proposed that the 
oxide films are essentially magnesium silicate, so it follows that higher magnesium 
levels in the melt would lead to higher levels of cold-shuts. 
Trial results showed cold-shut frequency more than doubled when the magnesium 
level was increased with otherwise similar casting conditions. Other defects such as 
blowhole and slag inclusions appear unrelated to variations in magnesium level as 
observed in this trial. Karsay's proposal on the formation of cold-shuts is supported 
by these results and controlling magnesium levels to reduce cold-shuts in castings is 
seen to be critical. 
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Chapter 5 - Front Manifold Runner System 
Changeover 
5.1 Introduction 
5.1.1 Background 
In Chapter 4, populations of castings were produced with varying amounts of mould 
venting. It was proposed that cold-shuts and blowholes could be reduced or 
eliminated by increasing top vent area for a mould to a similar size as the total inlet 
choke area to all castings. The work showed a significant reduction in the rate of 
cold-shuts when top venting area was increased, however blowholes did not reduce 
with additional venting. Also despite the improvement, cold-shuts could not be 
eliminated from all castings produced. 
Overall, the majority of defects in the front manifold exhaust castings were still 
cold-shuts and blowholes (excluding sand rain). Both of these defects are associated 
with the filling regime of the mould. All of the references that supported venting in 
Chapter 4 [5, 6, 15, 16] also acknowledge that the runner system has a significant 
effect on casting quality. In Chapter 4, the runner system was left unchanged while 
the venting was altered. In this chapter the venting will be kept constant and the 
runner design altered to determine the independent influence of runner system 
design on casting quality. 
5.1.2 Literature 
The literature review showed three important criteria for runner design: 
1. Whether the runner system is pressurised or unpressurised. [3,5,6, 7] 
2. The sizing of the runner channels and critical choke to control peak flow velocity 
during mould filling [5, 7, 9, 13] 
3. The alloy poured and the sensitivity of the alloy to dross formation [3,4,5,6] 
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For a Ductile Iron or Compacted Graphite Iron casting an unpressurised runner 
system is recommended by most authors [3,5, 7]. Ductile and Compacted Graphite 
Iron readily form dross during mould filling and should be introduced into the 
casting cavity in the calmest manner possible to avoid dross formation during filling. 
In contrast, Anderson and Karsay [1] report on the successful use of a pressurised 
runner system for the casting of Ductile Iron valve components. Murray [9] also 
recommends the use of a pressurised system for Ductile Iron castings. In this work, 
by using otherwise similar unpressurised and pressurised runner systems to make 
identical castings, the performance of each runner system design can be compared. 
Whether the point of smallest net cross sectional area in a runner system (the choke) 
is located at the ingates to the casting (pressurised) or near the downsprue 
(unpressurised), the size of this choke determines the peak linear flow velocity in the 
runner system. Sillen [7] and Campbell [5] used empirical formula for the Reynolds 
and Weber numbers to establish maximum flow velocities to avoid turbulence in the 
runner systems during filling. Sillen recommends velocities below 0.5 - 0.8 mls to 
avoid dross or oxide formation in Ductile Iron Castings. Velocities approaching 1.0 
mls can cause sand erosion. Campbell [5, 12] also recommended that flow velocity 
does not exceed 0.5 mls in any casting runner system, but states that velocities up to 
1.0 mls may be permissible in sections only a few mm thick. In contrast, Caine [13] 
surveyed many foundries producing Ductile Iron castings and concluded that sound 
castings can be made with a peak velocity of 1.6 mls. This is a higher permissible 
velocity than Sillen and Campbell proposed. In this current work, a number of 
runner systems designed to similar principles will be trialled with different channel 
areas to compare the performance of high and low velocity systems. 
The scheduling of the casting plant allowed trial castings to be produced in both 
Spheroidal Graphite (S.G.) Iron and Compacted Graphite (e.G.) Iron. S.G. Iron is 
also known as Ductile Cast Iron. Karsay [6] based his runner design rules on S.G. 
Iron and reported that C.G. and Grey Cast Iron will be easier to cast using the same 
runner design. This means a runner system suitable for use on S.G. Iron will be 
suitable for use with e.G. Iron, but the reverse is not necessarily true. Davis [8] also 
showed C.G. Iron has superior fluidity to S.G. Iron and so will be more castable. 
C.G. Iron will produce castings free of shrinkage porosity more readily than S.G. 
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Iron [8]. The trials in the current work will show whether S.O. Iron is harder to cast 
than C.O. Iron, by pouring the same mould design with both S.O. and C.O. Iron. 
5.2 Design and Experimental Method 
5.2.1 Overview 
As with Chapter 4, all trials were performed within the specification limits of the 
foundry. This meant other key variables such as pouring temperature, poured metal 
properties, sand properties and the pouring of the mould were maintained within 
consistent ranges over all trials. All runner systems were designed to the general 
design rules proposed by Karsay [6] and are summarised in Table 5.1 
Table 5.1. Matrix of New Runner Designs 
Choke Location 
Pressurised U npressurised 
Peak HIGH-2m!s Design A DesignB 
Velocity LOW-lm!s Design C Not Trialled 
All three new runner systems were used to produce small populations of castings in 
S.O. Iron to allow comparison of the performance of each runner system. The 
baseline performance of the existing runner system in normal production (e.O. Iron) 
is taken from the work in Chapter 4 and can be directly compared with the S.O. Iron 
castings made under the same conditions. The venting system remained unchanged 
as the modifications trialled in Chapter 4 were not implemented. 
The performance of a runner system is assessed against three main criteria: 
1. Casting Defect Rate: To be minimised 
2. Pattern Yield: Minimise poured weight per casting 
3. Runner System Breakup: Ease of fettling 
As shown previously, true yield is a combination of the defect rate and poured 
weight. If the runner and feeding system is not easily removed from the solidified 
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castings, extra work will be required to fettle the castings. Ideally, a runner system 
will break away cleanly from the casting, leaving no residual attachment and require 
no grinding, hammering or other fettling operations to remove it. 
5.2.2 Design Methodology 
5.2.2. 1 Velocity Calculation 
By knowing the pour weight, pour time and alloy density for a mould, an average 
volume flow rate through a section can be calculated. Assuming all castings and 
gates fill evenly, the peak fluid velocity can be calculated at the point of smallest net 
cross sectional area, Ac (m2). For a pour weight of W (kg), alloy density p (kg/m3) 
and a pour time of t (s), peak velocity V (m/s) is given by: 
w 
v=----
txAc xp 
mls .... Equation 5.1 
Pour time is defined as the total time during which a significant stream of metal is 
being poured into the pouring bush. Foundry practice at Ford sees the mould filled 
as quickly as possible, with the bush maintained close to full throughout the pour. 
The foundry uses an automated tilting ladle system to pour each mould, such that an 
ideal pour can be programmed with manual joystick control and repeated for all 
moulds. 
5.2.2.2 Design Analysis of Existing Runner System 
The first step of the design process was to analyse the existing runner system. The 
runner system as cast is illustrated in Figure 5.1. Only one complete manifold is 
shown in this figure. 
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Down sprue 
Primary runner 
Figure 5.1. Original Runner System for Front Exhaust Manifolds. 
Measurements have shown that the typical mould poured weight is 100 - 105 kg and 
that the mould takes 11 - 13 seconds to pour. The alloy density for all cast irons is 
7200 kglm3 [45]. Thus the mass and volume fill rates are given by: 
M F 'll R Poured Weight ass I ate = P 
our Time 
. 100 kg 
Mass FIll Rate = 11 s = 9.1 kg / s 
Volume Fill Rate = Mass Fill Rate = 9.1 kg / s = 0.001264 m 3 / s 
P 7200 kg/m3 
Volume Fill Rate = 1,264,000 mm 3 / s 
The net sectional areas for flow at critical points can be calculated by measuring the 
areas of shot blasted runner systems. The velocity through these sections is then 
found by dividing the volume fill rate by the sectional area at that point. The results 
of these calculations are summarised in Table 5.2. 
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Table 5.2. Existing Runner Areas and Corresponding Peak Velocities 
Location Total Sectional Area (mm2) Velocity (mls) 
(for supply to all 6 manifolds) 
Top of Downsprue 1600 0.8 
Main Runner 12000 0.1 
Main Runner to Secondary 1660 0.8 
Runner Overlap joint 
Secondary Runners 3800 0.3 
Overlap joint - Secondary 550 2.3 ** Peak Velocity 
Runner to Ingates 
Ingate to Castings Joint 1400 0.9 
In the original design, the main runner was extremely large, with a height of 
approximately 100 mm. It is assumed that the intent of this design was to ensure 
low flow velocities in the main runner and allow flotation of slag to isolate 
impurities from the secondary runners and, hence, the castings. The peak velocity 
occurs at the ingates, indicating that the system is pressurised. Ideally for a 
pressurised system, the minimum sectional area (known as the choke) should be at 
the point of contact between the gates and the casting. In this pattern design the 
choke is at the point of contact between the runner and the ingates. A detailed 
schematic of this joint for a single ingate is shown in Figure 5.2. 
/' 
/' 
/' 
/' 
/' 
/' 
runner 
/' 
/' 
./ 
/' 
Runner to ingate 
contact area (choke) 
Ingate to casting 
contact area 
x 
Runner to ingate 
contact area (choke) 
Figure 5.2. Joint Between Ingate, Secondary Runner and Casting (Existing Runner). 
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The runner to ingate contact area appears to have been minimised to allow easier 
break-up of the casting from the runner. However the peak velocity through this 
joint will exceed 2 mis, whereas at all other parts of the runner system, peak velocity 
will not exceed Im1s. This peak velocity is beyond the upper limits recommended 
by Caine, Sillen and Campbell. Despite exceeding the velocity recommendations of 
the above authors, the runner system has produced castings at an acceptable (though 
far from ideal) defect rate. (Refer to results in Table 5.3.) 
5.2.2.3 New Runner Systems - Common Design Rules 
All three new runner systems were designed consistently with the methodology of 
Karsay [6]. Common Design Rules employed for all new runner systems were: 
• Two extruded type ceramic filters were used in all of the new runner designs. 
The filters were sized conservatively to ensure they would not act as chokes. 
• Net Filter Area: Net Choke Area 2:: 6: 1. This is consistent with the work and 
recommendations of Day and Kind [19] and the published recommendations of 
the suppliers of the filters used [60]. Photos of the filters used are shown in 
Figure 5.3. 
• The filters were located in the horizontal and tilted on an angle to function as a 
combined filter and slag pocket [5] (Figure 5.4.). 
• Tapered runners with runner extensions were used to promote even filling of 
each casting cavity through all three ingates. The runners extend as far as 
possible beyond the last ingate and taper to a height of less than 5 mm. This 
principle is illustrated in Figure 5.5. All gates were of the same cross sectional 
area. 
• For all systems the overlap area between runners was greater than the choke 
area. Runner overlap must not choke the system to avoid sand erosion and 
uneven filling. An overlap width of 4mm provided easy break-up of runners. 
• After Solidification, the gates must break off cleanly from the casting (ideally 
during shot blasting), leaving minimal residual and avoiding break-in defects in 
the castings. 
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• Pressurised Designs (A & C) 
• Unpressurised Design (B) 
Sprue choke area: gate choke = 1.1 : 1 
Runner Area: Choke Area = 2.5 : 1 
Ingates to castings are critical choke 
Runner Area: Choke Area = 3 : 1 
Gate Area: Choke Area = 3 : 1 
Sprue Choke Area is critical choke 
• Where a runner supplies only one, two or four castings, the area of that runner is 
proportional to the total number of castings it supplies. 
• Sprue choke was located downstream of filters as shown in Figure 5.6. A square 
sprue-well was used, of width ~ 2x sprue-top diameter (after Campbell [5]). 
• All new runner systems were fabricated by Ford pattern makers in wood. Anti-
crush (O.7mm thick perspex) was used on all joint lines where possible and all 
draft angles were set to 10° to avoid dragging during impact moulding of the 
greensand. The new downsprue was turned from steel. The new runner systems 
were fitted to the existing front manifold pattern plate, replacing the existing 
runner system for the trial period. 
• Downsprues were permanently attached to the cope pattern, thus reverse taper 
sprues were employed. The minimum diameter of the down sprue was calculated 
from chart 26 of Karsay [6], see Figure 5.7 and Equation 5.2. 
Figure 5.3. Filters used in new Figure 5.4. Combined slag trap and filter 
runner systems. action using horizontal filter setting. 
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Figure 5.5. Even Flow Through Ingates with Tapered Runner. 
Secondary 
runner 
down-sprue 
Figure 5.6. Sprue Choke Located After Filter - All New Runner Systems. 
MINIMUM 
SPRUE AREA 
(As) 
c 
D 
TOTAL 
CHOKE 
Figure 5.7. Sprue Area Calculation - Reproduced from Karsay [6]. 
As ~ Ac~~f .... Equation 5.2 
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5.2.2.4 Design A - Pressurised, High Velocity 
Figure 5.8 shows the Design A runner system in isometric view. The runner system 
was designed in accordance with Karsay. The full design calculations and detailed 
drawings will not be reproduced here, rather features of each design will be 
summarised. 
Figure 5.8. Design A - Pressurised and High Velocity (1.8 mls). 
Single Ingate Contact area = 7 mm wide x 4 mm high. = 28 mm2 
Total Choke area per casting = 28 mm2 x 3 = 84 mm2 
Total Choke area for all 6 castings = 504 mm2 
Effective Filter Area: Choke Area on large filter = 10:1; on small filter = 14:1 
When trialled, the Design A runner system recorded a pour time of 10 s and pour 
weight of 65 kg. Hence using Equation 5.1, the effective peak velocity was 1.8 mls. 
The design of the joint between the primary and secondary runners was to provide 
easy break-up; however the trials showed the joint was too strong. 
5.2.2.5 Design B - Unpressurised, High Velocity 
Figure 5.9 shows the Design B runner system in isometric view. The runner system 
was again designed in accordance with Karsay, with the following design criteria: 
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Figure 5.9. Design B - Unpressurised and High Velocity (2.3 mls). 
Single Ingate Contact area = 70 mm2, gate design illustrated in Figure 5.10 
Total Ingate Area per casting = 70 mm2 x 3 = 210 mm2 
Total Ingate area for all 6 castings = 1260 mm2 
Total Choke Area for 6 castings = 430 mm2 
Effective Filter Area: Choke Area on large filter = 10:1; on small filter = 14:1 
A~ 
I 
I 
I 
[-9-\ 7 
1--11--1' 
Section AA 
Figure 5.10. Ingate Contact Area for Design B & B-1, Unpressurised High Velocity. 
Trials showed a pour time of 10 s and pour weight of 72 kg were achieved with this 
runner system. Hence using Equation 5.1, the effective peak velocity was 2.3 mls. 
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Notice that for Design B, both the primary runner and the secondary runner are 
located in the drag. Trials found the runner system tended not to fracture at the joint 
between these runners. Examination of shotblasted runner systems indicated sand 
and slag seemed to be washing through this point. The runner system was revised to 
locate the primary runner in the cope and use an overlapping joint of width 4mm to 
the secondary runner in the drag. This modification of Design B was known as 
Design B-l. The entire runner system for Design B-1 is shown in Figure 5.11 and a 
detail of the difference between the overlapping runner joints in Design Band 
Design B-1 is shown in Figure 5.12. 
Figure 5.11. Design B-1 Runner System - Unpressurised, High Velocity, Primary 
Runner in Cope. 
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DESIGNB 
Secondary 
Primary 
runner 
DESIGN B-1 
Secondary 
runners 
Primary 
runner 
Figure 5.12. Sectional View of Primary to Secondary Runner Joint for Design Band 
Design B-1. 
5.2.2.6 Design C - Pressurised, Low Velocity 
Figure 5.13 shows the Design C runner system in isometric view. The runner 
system was designed in accordance with Karsay [6]. The ingates from Design B 
(unpressurised) were reused in Design C (pressurised). A single ingate is illustrated 
in Figure 5.14. 
Figure 5.13. Design C - Pressurised and Low Velocity (1.0 mls). 
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Figure 5.14. Ingate for Runner System Design e. 
Single Ingate Contact area = 70 mm2 
Total Choke area per casting = 70 mm2 x 3 = 210 mm2 
Total Choke area for all 6 castings = 1260 mm2 
til j 
~l1~f 
Section AA 
Effective Filter Area: Choke Area on large filter = 6.5:1; on small filter = 6: 1 
Trials showed a pour time of 9 s and pour weight of 80 kg were achieved with this 
runner system. Hence, using Equation 5.1, the effective peak velocity = 1.0 mls. 
5.2.3 Experimental Approach 
Trials of all three new designs were carried out in samples of 50-90 castings in S.G. 
Iron, to show trends and to act as a go / no go indicator for that design. The design 
which gave best results in S.G. Iron was then poured in e.G. Iron in a larger 
population trial to assess the effectiveness of this design. 
As with the work in Chapter 4, all castings were produced with the foundry running 
to process limits and inspected and classified to consistent criteria by the author. 
Any trial parts produced out of specification (for example incorrect metallurgy, 
temperature out of range, sand conditions incorrect) were rejected from the trial 
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results. Again the premise was that a successful runner design should produce 
sound castings under all conditions when the plant is running to process. 
5.3 RESULTS ANALYSIS AND DISCUSSION 
The results of all trials are summarised in Table 5.3. 
Table 5.3. New Runner System Design Trial Results 
TriallD production NSP68 NSP 58 NSP 61 NSP40 NSP 21+40X NSP 153 
Design original design C original design C design B-1 design B design A 
--i 
~ Date Jun-99 Jun-OO May-OO May-OO Apr-OO Feb/Apr-OO Dec-99 
~ 
r Pattern press press orig - press press unpress unpress press 
Velocity 2 m/s 1.0 m/s 2m/s 1.0 m/s 2.3 m/s 2.3 m/s 1.8 m/s 
Metal C.G. C.G. S.G. S.G. S.G. S.G. S.G. 
(") 
0 Population 760 454 60 90 53 131 57 
z 
0 pour temp 1455 1455 1430 1415 1430 1430 1430 
=i 
6 pour time 13 sec 8.5 sec 14 sec 9 sec 10 sec 10 sec 10 sec z 
en 105 kg 80 kg 105 kg 80 kg 72 kg 72 kg 65 kg pour mass 
sand rain 29% 18% not recorded not recorded not recorded not recorded not 
recorded 
:D Blowholes 3% 4% 17% 4% 11% 10% 16% 
m 
en Cold-shuts 5% 0% 12% 0% 32% 18% 26% c 
~ Siag/ sand 1% 0% 9% 1% 15% 39% 4% 
% accept excl 91% 96% 66% 94% 45% 49% 56% 
sand rain 
Runner Joint cope to drag drag to cope to drag drag to cope cope to drag drag to drag cope to 
z Design cope drag 0 
--i Runner break good, gates good, good, gates good, gates better m poor poor 
en 
up OK gates OK OK OK 
.. N.B. some mdlVldual castmgs had two types of defects, hence [~Defect % + Acceptable %] > 100% m some cases. 
When the trials are considered as a group, the effect of the altered variables on 
defect rate and cause can be seen. The variables changed were: 
1. Choke Location: Pressurised or Unpressurised 
2. Peak Fluid Velocity: 1.0 mls or 1.8 - 2.3 mls 
3. Alloy Poured: S.G. at ~ 1415 - 1430°C or C.G. Iron at ~ 1455 °c 
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5.3.1 Choke Location - Pressurised and Unpressurised - Designs A & B 
The results for these two trials are summarised in Figure 5.15. For both pressurised 
and unpressurised runner systems, a high peak: velocity produced an unacceptable 
proportion of defective castings. Cold-shuts and blowholes were prevalent in the 
castings produced by both runner systems. The pressurised system (Design A) at 
high velocity produced slag inclusions defects of 4%. The unpressurised system at 
high velocity produced slag inclusion defects at a rate of 39%. 
60% 
50% 
40% 
30% 
20% 
10% 
0% 
A - Pressurised, 
Hi vel, SG 
B - Unpressurised, 
Hi vel, SG 
1m! total defects 
III blows 
Dshuts 
.slag 
Figure 5.15. Defect Rates, Pressurised and Unpressurised, High Velocity in S.G. 
For a high peak: velocity in the runner system, above the ranges recommended by 
Sillen, Caine and Campbell, both pressurised and unpressurised runner systems 
produced a high proportion of defective castings. The pressurised system produced 
significantly fewer castings with slag inclusions than the unpressurised system. 
It is proposed that the isolation of floating slag in the runner system is the cause of 
this observed difference in runner system performance. As shown in Figure 5.16, a 
pressurised system has a choking ingate or ingates at the base of the main runner. 
As the casting and runner fills, any floating slag will stay at the top of the runner and 
be isolated from the casting. 
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Cope 
Runner 
Casting 
Casting Drag Runner 
(a) Pressurised Runner System (b) Unpressurised Runner System 
Floating slag unable to enter casting once runner is full Floating slag able to enter casting throughout pour 
Figure 5.16. Casting Filling with (a) Pressurised Runner (b) Unpressurised Runner. 
In Figure 5.16b, the filling of a casting from an unpressurised runner is shown. Any 
floating slag will be able to enter the casting at all times during mould filling. 
Design B-1 was a refinement of Design B, with the intent to reduce slag inclusions 
in the castings. The joint geometry between the primary and secondary runners was 
modified in Design B-1 (refer to Figure 5.12), with the intent that slag and sand 
wash would be reduced when the flow was from the cope to the drag at this joint. 
The results of both trials are presented in Figure 5.17. 
60% 
50% 
40% 
30% 
20% 
10% 
0% 
8 - Un pressu rised, 
Hi vel, SG 
8-1- Unpressurised, 
Hi vel, SG 
Figure 5.17. Defect Rates, Design B and Design B-1 Comparison. 
~ total defects 
Il!I blows 
Dshuts 
·slaq 
The proportion of overall scrap, cold-shuts and blowholes is similar between the 
trials of Design B and Design B-l. However, the castings made using Design B-1 
had slag inclusion levels of only 15%, while Design B recorded slag inclusion levels 
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of 39%. The revised joint design did not alter the section or choke areas, rather the 
flow geometry was changed. The modifications to the unpressurised system have 
reduced slag defects, however still not to the level of the pressurised system. 
5.3.2 Peak Flow Velocity - Designs A, Band C 
By comparing the results for Design C, low velocity in S.G. Iron to Design A and 
Design B, high velocity in S.G. Iron, it is clear that reducing the peak velocity by 
increasing runner, gate and sprue size significantly reduced flow related defects. 
The overall defect rate was reduced from the order of 50% to 5%. Design C gave 
low overall defect figures and the majority of casting defects were due to blowholes 
in the castings. The data is presented in Figure 5.18. 
60% ~----------~------------~----------~ 
50% +----- --+ 
40% 
30% 
20% 
10% 
0% 
A - Pressurised, 
Hi vel, SG 
B - Unpressurised, 
Hi vel, SG 
C - Pressurised, 
Low vel, SG 
m total defects 
II blows 
Dshuts 
• slag 
Figure 5.18. Defect Rate Comparison for Low and High Velocity, S.G. Iron. 
Hence, reducing peak velocity from approximately 2 rnIs to 1.0 rnIs in the runner 
system for S.G. Iron significantly reduces cold-shuts, blowholes and slag inclusions 
in castings. 
It is also significant to note that the Design C runner system was poured in S.G. Iron 
at a temperature 15 DC lower than for the Design A and Design B runner systems, 
which would reduce metal fluidity. Despite this the Design A runner system with 
high peak velocity produced 15 of 57 castings with cold-shuts, while Design C 
produced no cold-shuts in a population of 90 castings. Hence, the lower velocity has 
had a significant effect on the prevention of cold-shuts. In the e.G. trial the low 
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velocity runner system produced 454 castings in C.G. Iron with no cold-shuts. This 
trial confirmed the robustness of the low velocity, pressurised runner system in 
preventing cold-shuts in the casting. It is a common belief that cold-shuts are caused 
by low pouring temperature [6, 14, 16]. This work shows that cold-shuts can be 
minimised by controlling the mould filling regime and in particular reducing peak 
flow velocity. 
5.3.3 Alloy Castability - Design C and Original Design 
Comparison of the trials of Design C in S.G. and e.G. Iron and the original design in 
S.G. and e.G. Iron allows evaluation of the difference in casting these alloys. The 
populations of the S.G. trials were relatively small and hence cannot produce 
conclusive results. Davis [8] stated that S.G. Iron has poorer fluidity than C.G. Iron 
when poured at similar temperatures. In these trials S.G. Iron was poured at 
temperatures 25-40°C lower than C.G. Iron. Hence the fluidity of the alloy poured 
in the S.G. Iron trials would be reduced relative to that of the C.G. Iron poured. 
Figure 5.19 shows the results of these trials. 
The original runner design was poured in S.G. Iron at 1430°C and e.G. Iron at 
1455°C. When poured with S.G. Iron at the lower temperature, the total defect rate 
was tripled, blowholes and slag defects increased five times and cold-shuts doubled. 
Design C was poured in S.G. Iron at 1415°C and C.G. Iron at 1455°C. Both trials 
produced similar results in the proportion of sound castings produced and the nature 
of defective castings. No parts were defective due to cold-shuts in either trial, slag 
inclusions were negligible and the main defect cause was blowholes. Overall defect 
levels on both trials of the Design C runner system compared favorably with all 
other trials and existing production data. 
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ladle. The slag and refractory sand poured into the mould with the molten metal has 
been effectively isolated from the casting by the filter system. 
Figure 5.20. Filter Assembly Showing Isolation of Impurities Upstream of Filters. 
It is believed that sizing the filters conservatively avoids choking the runner system 
and maintains balanced and efficient filling of all castings during the pour. Filters 
are shown to be an effective part of a correctly designed runner system, but are not a 
solution to all defects by themselves. 
Pressurised runner systems have the minimum total cross sectional area at the 
ingates to the casting, thereby minimising the contact area of each ingate and 
improving fettling of the part. To achieve the same maximum peak velocity, a 
correctly designed unpressurised runner system would require ingates three times 
larger in area than a pressurised system. An important requirement of the runner 
system for these castings was for clean break-off of the ingates. Therefore to 
achieve a peak velocity of 1.0 mis, an unpressurised system required ingates too 
large in area for this casting. In cases where ease of fettling is desired, this work 
shows a pressurised system gives a better combination of ingate break off and flow 
control to ensure casting soundness than an unpressurised system. The pressurised 
system has given good results in Ductile Iron castings, consistent with Anderson and 
Karsay [1] and Murray [9]. Sillen [7], Campbell [5] and Strobl [3,4] recommended 
unpressurised systems only be used for Ductile Iron. These results are at odds with 
their recommendations. 
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Figure 5.19. Defect Rates for Same Designs Poured with Different Alloys. 
It appears that by restricting the peak flow velocity, the Design C runner system 
produces castings that are robust to variable conditions, such as poor fluidity and 
inclusions in the poured metaL The original runner design in use at the foundry 
produced acceptable castings under ideal conditions. However, lower fluidity 
(caused by lower pour temperatures or metallurgical variations) significantly 
increased the defect rate. 
Those familiar with foundries will know the variability in casting conditions 
common in most foundries. It has been shown that by following simple design 
principles a runner system can make the casting quality robust to such variability. 
5.3.4 Other Observations 
The original runner system did not employ filters but used large section tall runners 
to float off any slag. All of the new runner systems tested here employed extruded 
ceramic filters of the same type and size. Examination of the shot blasted runner 
systems showed the filter systems had functioned well because slag particles were 
isolated upstream of the filter and the runners appeared clean downstream of the 
filter. Figure 5.20 shows two photographs of filter assemblies from the Design C 
trials. A large volume of slag was observed. It is believed that this particular mould 
was poured immediately after operational deslagging of the autopour or pouring 
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5.4 Conclusions 
Peak velocity control in the runner system is demonstrated to be a critical variable 
for the production of sound castings. The work shows that by ensuring peak 
velocities are restricted to approximately 1.0 mls in a pressurised runner system, the 
occurrence of flow related defects is reduced. These results are consistent with the 
velocity based recommendations of Campbell [12] for thin wall castings, but the 
peak velocity is lower than that recommended by Caine [13] and slightly higher than 
the 0.8 mls limit recommended by Sillen [7]. 
By reducing peak velocity from 1.8 mls to 1.0 mls in the two pressurised runner 
systems trialled, the overall scrap rate was reduced by a factor of 10. In particular, 
cold-shuts were eliminated in the observed populations by using a low velocity 
runner system. Both pressurised and unpressurised runner systems produced 
unacceptably high defect levels when peak velocities were approximately 2 mls. At 
such peak velocities both runner systems showed comparable defect rates and 
similar causes of defects. At high peak velocities, the findings suggest that 
pressurised systems exclude floating foreign particles such as slag from the castings 
more efficiently than unpressurised systems. 
Castings poured in S.G. Iron were shown to be more prone to flow related defects 
than castings poured in C.G. Iron, consistent with Karsay [6] and Davis [8]. 
However, a robust runner system designed to the principles outlined here was seen 
to yield good results for both alloys. In cases where reduced gate area is critical, a 
pressurised system provides the best combination of reducing peak velocity and 
minimising gate contact area for better fettling. 
The design approach in this work is to design the runner system to the 
recommendations of Karsay [6] and use peak fill velocity as a determining factor in 
the sizing of all runner and gate sections. Using this design approach for a thin 
walled casting in Ductile or Compacted Graphite Iron, it can be seen that peak 
velocity should be maintained to approximately 1.0 mls in a pressurised runner 
system. 
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Chapter 6 - A Technique for Runner and Feeder 
Redesign 
6.1 Introduction 
In Chapters 3, 4 and 5, three independent case studies were presented detailing 
approaches to improve the design of feeder, venting and runner systems. In Chapter 
3, the feeding of a Grey Iron disc brake rotor with a porosity defect was studied. 
Critical Fraction Solidification analysis correctly predicted the presence and absence 
of porosity in the rotor. In Chapters 4 and 5, a thin walled Ductile Iron casting was 
examined. Trials showed increased venting reduced cold-shut defects and that by 
designing runner sections to reduce peak fill velocity to 1.0 mis, cold-shut slag 
inclusion and blowhole defects were reduced. While the work was particular to 
those case studies, it allows a systematic approach to runner and feeder system 
design to be developed. 
The aim of this chapter is to examine a more general technique for yield 
improvement for a casting pattern based on the earlier results. Altering the runner 
and feeding system in accordance with these guidelines is intended to meet two 
goals, namely: 
1. Improve the true yield by reducing the pour weight. 
2. Improve the true yield by reducing the defect rate. 
In this chapter the technique will be presented using flow charts and discussed. This 
technique will then be applied to two new case studies, one considering a 
solidification problem and the other a flow related problem. 
6.2 Technique 
Figure 6.1 shows a flowchart summarising the technique for runner and feeder 
redesign. The technique has been developed from the previous work in the thesis 
and available relevant literature. The sections to follow outline the concepts listed in 
the flowchart. While the method is for the redesign of an existing casting, runner 
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and feeder system, the technique can be extended to new pattern design by 
beginning at Step 2. 
• Audit casting quality, defect types I rate 
/ STEP 1 • Cause - Flow, Solid or Other? Establish Peak Velocity I Area Calculations • Baseline 
Performance • Solidification Simulation 
• Balanced Filling Required 
• Pressurised I Unpressurised 
, 
Peak velocity to get critical choke area • 
STEP 2 
Design to Karsay [6] with peak velocity Design & • 
... Evaluate ~ ,~ and critical area as design input. 
Alternative • Efficient Feeder Geometry 
System (s) 
• Fettling, Core & Pattern-making? 
11r 
• Compare to Baseline Performance 
STEP 3 / • Make Parts Under Process Control Implement .. ~ 
• Robustness to process variations and Test 
Solution • Any Other Issues? 
• Can it be improved? 
1 
• Record learnings or observations 
End of 
Design 
• Feedback to tune modelling 
Process 
Figure 6.1. Flowchart for Runner and Feeder Design. 
6.2.1 Step 1 - Establish Baseline Performance 
The performance of the existing runner system must be established to start the 
design process. This is achieved by examining a significant population of the 
castings produced under typical production conditions. It is important that 
consistent criteria for a defective and a satisfactory casting is established and 
followed. For example, in some castings internal porosity may be acceptable as long 
as machined bearing surfaces have no porosity. The quality standard for an aviation 
casting is likely to be more stringent than for a gym barbell weight. It is critical that 
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the true performance of the runner system is established. The proportion of 
defective castings and their nature must be recorded, whether the castings are 
scrapped in the foundry, set aside for rework, or found to be defective during 
machining, assembly or final use. 
As the intent is to gather baseline data, a large population of castings should be 
surveyed over a number of different shifts. This will allow castings to be observed 
under differing foundry conditions. Alternatively, the baseline data can be verified 
against the historical foundry performance, if such data exists. Once this data is 
gathered the rule that "If it ain't broke, don't fix it" may be applied. A runner and 
feeding system that produces a low proportion of defective castings with adequate 
pattern yield may not justify revision. 
The filling of the casting using the existing runner system should be analysed. 
Firstly all runner and gate sectional areas should be measured and calculated, 
preferably from the pattern plates or shot blasted runner systems. It is necessary to 
establish: 
1. Smallest downsprue area. 
2. Smallest net runner area to all castings. 
3. Net ingate area to all castings. 
4. Exposed filter face area. 
5. Pour mass 
6. Pour time. 
7. Area balance to all casting cavities. 
Points 1-6 are self explanatory, point 7 requires the designer to check that the runner 
system sectional areas are balanced to all castings. As an example, in a runner 
system supplying eight castings, the runner to four castings should have twice the 
area of a runner supplying two castings. If this balance is not achieved, some 
casting cavities may fill at different rates or not fill simultaneously, leading to higher 
effective peak flow velocities than those predicted using equation 6.1. 
- 115 -
From the measured data calculate: 
1. The choke control for the system: 
For a Pressurised System: Net Ingate Area < Net Runner Choke Area 
For an Unpressurised System: Net Ingate Area> Net Runner Choke Area 
2. Peak Velocity. For a pour mass of W (kg), alloy density p (kglm\ critical 
choke area of Ac (m2) and a pour time of t (s), peak velocity V (mls) is given by: 
W V=---
txAxp 
mls .... Equation 6.1. 
Ideally V = 1.0 mls. For an unpressurised system, peak velocity can be reduced 
below 1.0 mis, although there will be a reduction in pattern yield due to the larger 
section areas. For a pressurised system, it is recommended that the design aim to 
achieve V = 1.0 mls. In both systems, velocities of 1.5 - 2.0 mls and above can lead 
to excessive blowhole, cold-shut and slag inclusion defects. 
3. Exposed Filter Face Area: Choke Area ;;:: 4: 1 Grey Iron 
6: 1 Ductile Iron 
Exposed Filter Face Area is defined as the total face area of the filter less the area 
blocked by the filter print (Figure 6.2) 
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Filter print 
shoulder area 
Exposed filter 
face area 
Figure 6.2. Exposed Filter Face Area. 
b 
Q 
For a square filter: 
Full Filter Area = a2 
Exposed Filter Area = b2 
6.2.2 Step 2 - Design and Evaluate Alternative System 
Once the baseline performance of the system has been established, modifications to 
the runner and feeding system can be proposed and evaluated. The actions taken 
and the focus of the new design depend largely on the types of defect observed in 
Step 1. Porosity is associated with a shrinkage solidification fault, if such a defect 
exists redesign of the feeding system to improve the solidification of the casting is 
required. Defects such as cold-shuts, blowholes or slag inclusions may be caused by 
the runner system. There may also be other defect types and causes unrelated to 
either mould filling or solidification. Each defect requires a different design 
approach, as outlined in the flowchart presented in Figure 6.3. 
In this current work, the design methodology used for the runner system is 
essentially based on Karsay [6]. Karsay, however, does not use velocity control as a 
design and evaluation parameter for runner systems, unlike Campbell [5], Sillen [7] 
and Caine [13]. Karsay's approach should be followed, with the refinement of 
selecting the critical choke area to yield a peak filling velocity of approximately 1.0 
mis, then using this critical choke area as a starting point for the design. 
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STEP 1: Audit existing runner system production for defect type, cause and rate 
Blowholes, slag, 
cold-shuts: 
Mould Filling 
Measure Runner 
Sections, Fill Time 
and Fill Weight 
Pressurised: 
Peak 
Velocity = 
1.0 m1s 
Unpressurised: 
Peak Velocity 
~ 1.0 m1s 
Runner areas 
proportional to # of 
castings filled 
Filter Use - Ideally in 
Horizontal with Slag 
Flotation Trap 
Grey Iron 
Filter:choke 
4:1 
Ductile Iron 
Filter:choke 
6:1 
Shrink 
porosity: 
Solidification 
Run Solidification 
Simulation - Critical 
Fraction Analysis 
Liq. Isolation? 
Hotspots? 
Efficient 
Feeding? 
Feeder Mass 
above and 
Other 
Defects and 
or Causes 
Fettling, Coremaking, 
Sand Conditions, Melt 
Metallurgy, Foundry 
Constraints 
Refer to other 
sources, such as 
Campbell, Rowley 
or Karsay. 
STEP 3: Produce Prototype Castings & Assess by Same Criteria as Step 1 
Figure 6.3. Flowchart for Step 2: Design & Evaluate Alternative System. 
- 118-
Other important points for runner design are: 
• When multiple ingates are used, design tapered runners for even filling through 
all ingates. Provide tapered runner extensions to act as slag traps. 
• Ensure that the overlap area between runners is greater than the proportional 
choke area of those runners. 
• For wooden prototype pattern making, set all draft angles to 10° to avoid 
dragging of the sand during mould impact. 
• For both a pressurised and an unpressurised system, use a choke at the base of 
the sprue-well to allow the down sprue to backfill and minimise splashing. 
Pressurised - Sprue Base Choke Area: Critical Choke Area = 1.1. 
Unpressurised - Sprue Base Choke Area = Critical Choke Area. 
• Based on the results observed in Chapter 5, a pressurised system is generally 
preferred for all Ductile, Compacted Graphite and Grey Iron. Bottom gating is 
also preferred for all runner systems. In cases where the gate contact area needs 
to be large (typically when significant feeding capacity is required), an 
unpressurised system may be preferable. Similarly if the casting cannot be 
bottom gated, the velocity at the ingate should be minimised and in this case an 
unpressurised system may be preferred. 
• Venting. In Chapter 4, the design rule that venting area should be equal to, or 
greater, than the choke area was proposed. Applying this rule significantly 
reduced cold-shut defects in a population of thin wall castings. However 
castings have also been produced that are free of defects with unvented moulds. 
The rear rotor pattern considered in Chapter 3 is an example of this. In Chapter 5 
the runner system design was seen to be more influential on casting defects for 
the front exhaust manifold than mould venting. If venting is to be applied it 
should meet the following guidelines: 
1. Vent clearly from the top of the casting cavity. 
2. Vent clearly through the cope to the atmosphere. 
3. Maximise vent area within yield, fettling and pattern making restrictions. 
• Solidification Shrinkage. Use simulation modelling to ensure the feeder design 
eliminates shrinkage porosity in the casting. In this work, Critical Fraction 
Solidification analysis gave the best results. An isolated point in the casting 
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which is still liquid will contract and shrink as it solidifies and may leave 
porosity. Shrinkage porosity is eliminated by ensuring that liquid metal is 
available to compensate for this shrinkage and that the casting solidifies without 
isolated hotspots. 
• Feeder Geometry. Any feeder must provide a head of liquid metal above the 
castings to feed with gravity and compensate for shrinkage. It is also important 
to locate some mass of the feeder below the level of the ingate to delay freezing 
off of the gate and feeder from the casting (Figure 6.4). 
Feeder mass 
above ingate 
o = Approximate center of feeder 
Figure 6.4. Feeder Geometry for Efficient Feeding. 
6.2.3 Step 3 - Implement and Test Solution 
BETTER 
Feeder mass 
below ingate 
Once the new system has been proposed and evaluated, it is critical that it is tested 
against the baseline data established in Step 1. Prototype castings should be made 
with the foundry process running to the same conditions under which the baseline 
castings were produced. The entire population of prototype castings produced must 
be assessed for defects using criteria consistent with Step 1. 
The robustness of the design to process variation should be considered at this stage. 
For example, if a batch of castings is produced with a high pour temperature, try to 
establish the effect of this change. The validity of the design under a range of 
process conditions can be established by testing the design over a number of shifts, 
or for a large population of castings. 
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It is at this stage that the impact of the design on other areas of the foundry becomes 
apparent. Has fettling of the castings become easier or harder? Are the parts more 
machinable? Is the customer pleased with the new castings? 
Shot blasted runner systems should be observed to see if the filters and slag traps 
have functioned correctly. Measure critical areas and overlaps to confirm that the 
intended design of the runner and feeding system has been achieved. If a defect is 
occurring, observation of shot blasted runner systems will often indicate the cause of 
the defect. 
Finally ask whether the runner system can be improved. Has true yield been 
maximised? Can fettling of the castings be improved, or can the castings be made 
more robust to process variations? This is also an opportunity to learn for future 
casting design. Any conclusions or observations should be recorded to improve the 
design process for future castings. 
6.2.4 Other Design Considerations 
The design of a runner and feeding system must be assessed by criteria other than 
solidification and filling; the designer never has free reign to focus on solidification 
and filling alone. As an example, a casting with ultra thin channels as runners may 
ensure very slow filling and low runner velocity and thereby eliminate flow related 
defects. However if the pour time exceeds 1 minute with this design, then the 
productivity of the foundry will suffer. Fettling is another critical consideration; if 
gate contact areas are increased the runners and feeders must still be able to break 
away cleanly from the castings. 
The technique proposed here must be applied with common sense and an 
appreciation of the operation of the foundry. The areas considered have been shown 
to be critical to casting quality, but should not be used ignoring other considerations. 
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6.3 Case Studies 
The following section gives two examples where the proposed technique from this 
work has been applied to other castings. In the first example a defect related to 
solidification is addressed. The solidification simulation package is used as a tool to 
help eliminate a shrinkage fault in a Ductile Iron crankshaft. For this case study, the 
technique is applied and the proposed solution trialled. The second example deals 
with the analysis of peak flow velocities during mould filling for a Grey Iron 
Bearing Cap. This example is a conceptual case study only; the methodology is 
applied but no trial results are presented. 
6.3.1 Case Study 1 - Solidification Modelling 
6.3.1.1 Step 1 - Establish Baseline Performance 
In production of the crankshaft, three crankshafts are produced per mould. A 
shrinkage fault was occurring on two of the three crankshafts. The fault was light 
porosity on the underside of one journal pin (Figures 6.S and 6.6.) Approximately 
20% of castings made had the shrinkage fault and had to be scrapped. The fault was 
subsurface porosity and was only seen after machining of the journal pin. No sign 
of the fault on sound or defective castings could be seen prior to machining. 
Porosity in 
this pin. 
Figure 6.S. Crankshaft and Feeder Showing Location of Porosity (image from 
screen dump from AFS modelling program). 
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2mm machining 
allowance 
Journal Pin 
Figure 6.6 Location of Porosity on Pin. 
To understand the cause of the fault, a simulation of the solidification of the casting 
and feeder was run on the AFS Solidification Simulation Program. This is the same 
simulation program used in Chapter 3. Figure 6.7 shows a side and top view of the 
Critical Fraction Solid cast-scan for the crankshaft and feeder as cast. All sections 
shown in dark blue have already solidified. However the center of the feeder, which 
solidifies after 10 minutes, is shown in dark blue as well. This is because the 
simulation program only plots values within the timescale chosen on the cast scan 
and here the time scale is set to 7-10 minutes. 
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CRANK AS CAST 
No porosity 
TOP VIEW 
Figure 6.7. Critical Fraction Isolation Plots for Crank as Cast. 
SCALE 
10.0 
7.00 
Time point in casting 
passes critical fraction 
(min) 
DETAIL (side view) 
The simulation shows that at time = 7 minutes, liquid metal still exists in the pin at 
the point where porosity was revealed on machining. Porosity was not observed at 
other points in the casting after machining. The pin closest to the feeder (shown 
circled in green on Figure 6.7) showed no signs of porosity after machining despite 
being of similar geometry to the pin where porosity was observed. This may be due 
to the closer proximity of this pin to the feeder. 
Figure 6.8 shows a closer view of the Critical Fraction Solid plot for the pin where 
porosity was found, this time plotted on a nalTower time scale. In the area where 
porosity was seen, the metal solidifies at time = 7.2 - 7.3 minutes, while the areas 
adjacent to the pin solidify after 7.1 minutes. This will develop an isolated liquid 
hotspot in the journal pin, which carries a risk of shrinkage as it solidifies in 
isolation from any feed metal. Porosity was consistently seen at this point on the 
scrapped castings after machining. Notice that this is a high point in the casting and 
liquid metal cannot feed to this point by gravity . 
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SCALE 
7.30 
7.10 
Time Point in casting passes 
critical fraction (min.) 
SIDE VIEW 
Figure 6.8. Critical Fraction Cast Scan, Zoom of Journal Pin. 
6.3.1.2 Step 2 - Design and Evaluate Alternative Solution 
To eliminate the porosity, it was proposed to use a chill wedge on the casting. A 
cast iron chill wedge was to be set in each mould cavity adjacent to the point where 
porosity occurred. Figure 6.9 shows the use of the chill wedge. The general 
function of a chill wedge is described by Beeley [61]: "The most common use of 
chills is to encourage selective freezing of thicker members of a casting by 
accelerated heat extraction. The increased rate of cooling enables such members to 
draw feed metal through the thin sections while these are still liquid." This is the 
intent of the use of the chill wedge in this case study. 
Journal Pin 
Chill Wedge 
Figure 6.9. Placement of Chill Wedge Relative to Journal Pin. 
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The design of the chill wedge allowed it to be placed in the drag half of the mould 
when the filters for the runner system were placed. The cavity in the drag was made 
by attaching a part with same shape as the chill wedge to the drag pattern. The 
design of the wedge also followed the rules of tapering to ensure the mould forms 
properly. Figure 6.10 shows the simulated Critical Fraction Solidification plot of the 
crankshaft and feeder with the chill wedge. The simulation has been plotted on the 
same time scale as Figure 6.6 to allow comparison. This means all areas solidifying 
between 7 to 10 minutes after the start of solidification are plotted. 
CRANK WITH CHILL WEDGE 
SIDE VIEW 
TOP VIEW 
SCALE 
10.0 
7.00 
Time point in casting 
passes critical fraction 
(min) 
DETAIL (side view) 
Figure 6.1 O. Crank Critical Fraction Solidification Plot with Chill Wedge. 
The modification has caused the casting to solidify rapidly in the area adjacent to the 
chill wedge. As the plot shows, at 7 minutes the entire pin has passed through the 
Critical Fraction Solid point. Any shrinkage in the journal pin can be compensated 
by liquid metal fed from adjacent sections of the crank or from the feeder. 
6.3.1.3 Step 3 -Implement and Test Solution 
The solution was implemented with a single day production trial, producing more 
than 1000 cranks with chill wedges. Defects due to porosity at the journal pin 
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reduced from 20% to 0% for the day. Porosity defects were eliminated from the 
crankshafts produced with chill wedges. The solution was then permanently 
implemented and has since eliminated all porosity from the journal pins. No other 
porosity has been observed at other points in the machined castings. 
The main defect in the castings was eliminated by the use of a chill wedge. In step 3 
of the design technique, it is stressed that other issues such as fettling must be 
considered when assessing the proposed design. In this case the chill wedge was 
knocked clear of the casting during shot blasting. Some complexity was added to 
the fettling process as the chill wedges needed to be recovered or disposed of. This 
trade-off was considered reasonable to ensure the defect did not occur. 
6.3.1.4 End of Design Process 
The simulation package correctly predicted the presence of porosity in the as cast 
crankshaft and the absence of porosity when the chill wedge was used. As with 
Chapter 3, the use of Critical Fraction Solidification analysis to ensure correct 
feeding is seen to give valid results for iron castings. The work from this case study 
now has accurate results for Ductile Iron as well as Grey Iron. Most importantly, 
application of the technique has produced a significant improvement in true yield. 
6.3.2 Case Study 2 - Mould Filling 
6.3.2.1 Step 1 - Establish Baseline Performance 
The next case study employed the empirical rules established for velocity control 
during mould filling, as used in Chapter 5. In this study, only Steps 1 and 2 of the 
technique were applied; trial castings were not produced. 
Bearing caps are produced with a defect rate of 21.5%. They are typically made at 
the start of a day's production. At this time sand and melt conditions often take time 
to stabilise and a high defect level can result. Typical defects and causes for the 
bearing caps were: 
1. Broken Moulds. Sand may stick to the pattern after it is impacted into the 
mould, producing a part of the incorrect shape. The cause of this defect is 
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independent of the filling of the runner system and the solidification of the 
casting and feeders. The defect is more typically caused by poor sand conditions 
or by the difficulty in moulding this particular casting geometry. 
2. Blowholes. Blowholes have been observed in bearing caps. These may be 
caused by the runner system, but could also be caused by excess gas in the melt 
or poor sand conditions (for example high moisture content). 
3. Slag Inclusions. These defects may be caused by excessive slag in the liquid 
metal poured, but a correctly designed runner system can isolate this slag from 
the castings. 
No porosity was observed in the castings, so it was decided to assess the 
performance of the running system and not the feeding system. The runner system 
and castings are shown in Figure 6.11. 
C - Main Runners 
Figure 6.11. Bearing Cap Runner System Layout. 
The geometry of the runner system was examined to determine peak velocities. 
Areas of significant sections were measured from the pattern and shot blasted runner 
systems and are summarised in Table 6.1. 
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Table 6.1. Critical Area Summary for Bearing Cap Runner System 
Section Total Area Figure 6.11 & 6.12 Label 
Upstream of Filter 1090mm2 A 
Downstream of Filter (Overlap to Runners) 1280mm2 B 
Main Runners 1300mm2 C 
Ingate to Runner Overlaps 768 mm2 D 
Ingates to Casting Joints 2000mm2 E 
The critical area for the runner system is, therefore, at the overlap between the 
casting ingate and the final runner. This means the runner system is pressurised, 
although the choke occurs at the start of the ingate rather than at the joint between 
the ingate and the casting. Figure 6.12 shows this geometry for a single ingate. 
/' 
/' 
/' 
/' 
/' 
/' 
Runner to ingate 
overlap CD) 48 mm2 
(critical choke) 
/' 
/' 
/' 
/' 
/' 
/' 
Gate cope to drag 
overlap, 125mm2 
Figure 6.12 Overlap area for Bearing Cap Ingate. 
/' 
/' 
Ingate to casting 
overlap (E), 125mm2 
Measurement showed the fill time for the mould was 13 s, with a pour mass of 
1l0kg. Substituting this into equation 6.1 predicts a peak velocity of 1.5 mls. For a 
pressurised system peak velocity should be approximately 1.0 mls. Velocities 
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significantly higher than 1.0 mls were shown to increase the proportion of blowhole, 
cold-shut and slag inclusion defects in the castings considered in Chapter 5. 
The measured filter face was 75 mm x 75 mm and the filter print used a 5 mm 
shoulder all around. This means that the effective filter area was 65 mm x 65 mm = 
4225 mm2 • With the existing critical choke, Filter Area: Choke Area = 5.5 : 1 and 
hence the filter meets the sizing rule for Grey Iron [19, 60]. 
From this analysis, the two criticisms of the existing runner system are the excessive 
velocity through the ingates and the use of ,non-tapered runners with multiple 
ingates. 
6.3.2.2 Step 2 - Design and Evaluate Alternative Systems 
The overlap area between the main runner and a single ingate measured 32 mm long 
by 1.5 mm wide. Total critical choke area to all 8 castings was 768 mm2 with the 
original design. Increasing the ingate overlap length to 43mm or the overlap width 
to 2 mm would increase the critical choke area to all castings to 1040 mm2 (Figure 
6.13). This simple change would reduce the peak velocity in the runner system to 
1.1 mls (previously 1.5 mls). A reduction in the occurrence of slag and blowhole 
defects is predicted with this design change. 
Alternatively the design of each gate could be revised, so that the total choke of 
1040 mm2 is achieved at the joint between the gate and the casting and the entire 
gate is in the cope half of the mould (Figure 6.14.) 
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/' 
/' 
/' 
/' 
/' 
/' 
/' 
Increase gate overlap 
length (as shown) or 
overlap width 
/' 
/' 
/' 
/' 
/' 
/' 
Figure 6.13. Modifications to Gate Geometry to Reduce Velocity. 
/' 
/' 
/' 
/' 
/' 
/' 
/ / / t///) 
Critical choke at 
gate-casting joint 
/' 
/' 
/' 
Figure 6.14. Gate Design Revision to Choke at Casting Entry. 
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It is also recommended that both the main runners be tapered to a thin wedge and 
extended beyond the casting ingates to act as a slag trap (Figure 6.15). The tapered 
runner would also encourage uniform and simultaneous filling of all eight casting 
cavities. The present system fills with a peak flow velocity of 1.5 mis, assuming all 
casting cavities fill simultaneously. However if the casting cavities filled 
preferentially, then higher effective velocities would be achieved. As a simple 
example, if the untapered runners caused the four casting cavities at the rear of the 
runners to be filled while the front cavities remained empty, then the effective peak 
velocity would double as the filling sectional area has been halved. 
Figure 6.15. Bearing Cap Mould with Tapered Runner (only half mould shown). 
The modifications to the gates and runners would be expected to reduce flow related 
defects. The fettling of the castings with the revised runner system must also be 
considered. The modifications to the gates and runners may also affect the feeding 
of the casting. Solidification modelling should be used to assess the proposed 
changes to the gates or runners to ensure porosity will not occur once the changes 
are implemented. At this point these proposed changes have not been trialled in the 
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foundry, so the predictions have not been tested. However the concepts developed 
appear reasonable and the above methodology would be expected to lead to 
significant improvements in the defect rate for this casting and hence true yield. 
6.4 Conclusions 
The rules established in the literature and Chapters 3, 4 and 5 have been combined to 
give a technique for runner and feeder design. This technique meets the overall aim 
of the research, that of improving yield in iron castings. 
The technique proposed consists of three main steps, firstly establishing the 
performance of the existing runner and feeding system for the castings, secondly 
proposing and evaluating a new system and thirdly trialling the system in 
production. In the first step the nature of any defects present in the casting is 
correlated with any design shortcomings in the runner or feeding system. Shrinkage 
faults suggest incorrect feeding and the solidification of the casting and feeders 
should be simulated and investigated. Flow related defects such as blowholes, cold-
shuts or slag inclusions suggest the cause of the defect may be excessive velocity or 
uneven filling in the runner system. Velocity based analysis is recommended to 
decrease or eliminate such faults. It must be noted that some defects are unrelated to 
the flow regime in the runners or the solidification of the mould and that the 
technique proposed will not address these issues. The two case studies presented in 
this chapter illustrate the use of the technique for various defect types, casting 
materials and casting geometries. 
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Chapter 7 - Conclusions and Future Work 
7.1 Conclusions 
The work in this thesis has demonstrated that the filling and solidification of a 
mould has a significant influence on defects in the production of iron castings. 
There is no doubt that if the techniques proposed in this work are followed, true 
yield for an existing casting can be improved and the quality of castings can be 
predicted with confidence. The following section highlights the key findings from 
each chapter: 
In Chapter 3 the solidification of a Grey Iron brake disc casting was modelled. The 
casting had an existing shrinkage fault. The simulation package correctly predicted 
the position of porosity in the casting using the Franco criteria and Critical Fraction 
Solidification analysis. The Niyama criteria appeared conservative and predicted 
porosity in the casting both in locations where porosity was observed, as well as at 
many other points where it was not. The Franco criteria more accurately predicted 
porosity and was less sensitive to geometrical influences than the Niyama criteria. 
Viewing the Critical Fraction Solidification sequence provided precise information 
on the feeding of the casting. Critical Fraction Solidification analysis was the only 
criteria to correctly predict the reduction in porosity in the casting when the feeder 
geometry was modified. When the change was first trialled in production only a 
proportion of the castings produced were modified so that the effect of the change 
could be evaluated. Prototype trials were structured to produce modified and 
original parts simultaneously, controlling the influence of process and environmental 
variables. 
When designing a new casting and feeding system, it is important that the simulation 
package can predict whether there is a risk of porosity with the proposed feeding 
system. In this work the Niyama criteria predicted porosity where it did not exist in 
a real casting. The Franco criteria was seen to be more sensitive to correctly 
predicting porosity than the Niyama criteria. The work showed Critical Fraction 
Solidification analysis to be the most accurate criteria for porosity prediction. 
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In Chapter 4 the influence of mould venting on defects in a thin wall casting was 
examined. The main intent of increasing mould venting was to reduce or eliminate 
the occurrence of the two flow related defects, cold-shuts and blowholes. Increased 
venting was achieved by enlarging vents or attaching new vents to the upper or cope 
surfaces of the castings. The results of the trials showed that increasing the venting 
capacity halved the cold-shut frequency for the population of castings produced. 
The venting effect appears to be global for the entire mould, as the two casting 
cavities which recorded the largest reduction in cold-shuts were the castings 
produced without an increase in local venting. Statistical analysis showed that the 
addition of venting reduced cold-shut frequency beyond the level of variance within 
normal casting populations. 
It can be concluded that venting is an important variable in cold-shut formation in a 
thin walled casting. Increasing venting to be at least equal to the inlet choke reduced 
cold-shut defects. Venting should be through to the atmosphere and should be from 
the top of a gravity filled casting to ensure efficient expUlsion of air and gases 
throughout the filling of the mould. 
Trials showed cold-shut frequency more than doubled when the magnesium levels in 
the melt increased and other casting conditions remained unchanged. Other defects 
such as blowholes and slag inclusions appear unrelated to variations in magnesium 
level. Controlling magnesium levels to reduce cold-shuts in castings was seen to be 
critical. It was proposed in the literature that cold-shuts form when metal streams 
separate and form surface magnesium oxides before the streams recombine. This 
proposal is supported by these findings. 
Chapter 5 examined the effect of runner system design on defect rate in the same 
thin walled casting studied in Chapter 4. Peak velocity during filling of the runner 
system was demonstrated to be a critical variable for the production of sound 
castings. The work showed that by ensuring peak velocities were restricted to 1.0 
mls in a pressurised runner system, the occurrence of flow related defects was 
reduced. These results were consistent with the recommendations of Campbell [12] 
for thin wall castings, however the peak velocity was lower than that recommended 
by Caine [13] and slightly higher than the 0.8 mls limit recommended by Sillen [7]. 
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By reducing the peak linear flow velocity from 1.8 mls to 1.0 mls in the two 
pressurised runner systems trialled, the overall scrap rate was reduced by a factor of 
10. In particular, cold-shuts were eliminated in the observed populations using the 
low velocity runner system. Both pressurised and unpressurised runner systems 
produced unacceptably high defect levels when peak velocities were approximately 
2 mls. At high peak velocities, the findings suggest that pressurised systems exclude 
foreign particles from the castings more efficiently than unpressurised systems. 
Castings poured in Ductile Iron were shown to be more prone to flow related defects 
than castings poured in Compacted Graphite Iron, consistent with Karsay [6] and 
Davis [8]. However, a robust runner system designed to the principles outlined in 
Chapters 5 and 6 was seen to yield good results for both alloys. In cases where 
reduced gate area is critical, a pressurised system provided the best combination to 
reduce peak velocity and minimise gate contact area for easier fettling. 
In Chapter 6 the learnings from these case studies and the literature are combined to 
give a technique for improving true yield in iron castings. The technique was 
applied to two new case studies with successful results. 
7.2 Further Work 
The following areas for future work have been identified during this work: 
• Further work to evaluate the use of the Franco criteria for iron may validate the 
criteria as an absolute measure of solidification shrinkage porosity. The Franco 
criteria appeared to be more accurate than the Niyama criteria and may be a 
useful tool in the future for the assessment of iron casting simulations. If 
validated for iron, a critical value could be established to test proposed new 
casting and feeder designs for porosity. 
• Increasing the mould venting area doubled the frequency of blowholes for the 
population of castings in Chapter 4. It is possible that the blowholes in this 
casting may be independent of mould cavity venting and instead may be 
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associated with gases evolved from the core. Another trial to produce the same 
castings with all mould venting removed would be informative. 
• The observation that mould venting reduced cold-shuts is significant. However, 
it is unclear whether the increase in venting is of benefit only to the casting 
cavity which is vented, or of benefit to all castings in the mould. 
• In Chapter 5, the performance of both pressurised and unpressurised systems 
was only tested at high peak velocities. While a pressurised system improved 
scrap rates at peak velocities of approximately 1 mis, the performance of an 
unpressurised system was not compared at similar low velocities. Production of 
the manifolds using an unpressurised system with a peak velocity of 1.0 mls 
would complete the comparison. 
• The work only compared the performance of runner systems with two discrete 
peak velocity settings, 1 mls and 2 mls. Further work to compare casting 
outcomes with other velocities would be useful. 
• The revised runner system for the manifolds reduced overall scrap, although 
some blowhole scrap remained. A study of further reduction of blowhole scrap 
is warranted. Similarly, the reduction of the sand rain defect (not considered in 
this work) would be of benefit to the foundry and the casting industry in general. 
• Cold-shut formation was seen to be associated with two main factors, 
magnesium levels and peak velocity in the runner system. A better 
understanding of the influence of these two variables would benefit the casting 
industry, particularly with increasing demand for ultra thin wall castings, which 
are prone to cold-shut defects. 
• The use of velocity control is an empirical simplification of the fluid behavior of 
the alloy in the runners during mould filling. Full analysis using Computational 
Fluid Dynamics or direct would give a better understanding of the effect of peak 
velocity on bulk and surface turbulence and, hence, casting quality. Such work 
may also permit extension of these guidelines to Grey Iron or other alloys and 
validate the rules proposed for other casting layouts. 
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